


BPWKDOWN CONDUCTION IN THIN FILMS OF 

SiO, MgF2, CaF2, CeF3, CeOZ and Teflon 

Submitted by Paul P. Budenstein 
Physics Department 
Auburn University 
Auburn, Alabama 

Final Report Grant NGR-01-003-011 

Submitted t o  

i 

National Aeronautic6 and Space Administration 
Office of Grants and Contracts 

Washington, D.C. 20546 

February, 1968 



, 

I 

a' 

L 

Breakdown Conduction i n  Thin Films of 

SiO, 1IgF2, CaF2, CeF3, Ce02, and Teflon 

Paul P. Budenstein 
Physics Department, Auburn University 

* _  

ABSTRACT 

Breakdown s tud ie s  on t h i n  f i lm d i e l e c t r i c s  are reported 

covering the materials S i O ,  MgPz, CaF2, CeF3, CeOZ, and Teflon. 

Experimental da t a  include@ prebreakdown V-I-T cha rac t e r i s t i c s ,  

impedance-temperature cha rac t e r i s t i c s  a t  1000 cycles/sec,  voltage 

threshold f o r  t he  onset of breakdown vs tenperature and d i e l e c t r i c  

thickness,  voltage threshoZd for the  cessat ion of breakdown vs 

temperature and thickness, time-resolved spectroscopy of t he  

l i g h t  emitted during breakdown, photomicrography of breakdown sites, 

and some addi t iona l  observations. 

t h e o r e t i c a l  treatments of Forlani  and Minnaja, O'Dwyer, and Klein 

and Gafni. 

pointing out t h a t  none of them is completely successful  i n  des- 

cr ib ing  both the thickaess and temperature dependence of the  average 

f i e l d  f o r  the  onset of breakdown, None of the theories  attempt t o  

descr ibe conduction during the breakdown period. It fs found t h a t  

The da ta  are evaluated using the  

A c r i t i q u e  of t he  theo re t i ca l  treatments is given 



breakdown behavior is  not  pred ic tab le  from prebreakdown conduction 

proper t ies ,  ne i the r  dc nor ac. 

of breakdown varies approximately as w-'~, where w is  the  d i e l e c t r i c  

thickness,  i n  accordance with the  pred ic t ion  of Forlani  and Minnaja. 

The threshold f i e l d  f o r  the  onsee 

6 The magnitudes of the  breakdown f i e l d s  are about 10 V/cm f o r  a l l  of 

the  materials and t h e  temperature dependence is n i l  o r  a s l i g h t  mono- 

ton ic  decrease i n  f i e l d  with increasing temperature. 

materials are found t o  have a vol tage threshold f o r  t he  cessat ion 

of breakdown t h a t  is temperature and thickness independent. For 

most capac i tors  regardless  of the  d i e l e c t r i c ,  t h i s  vol tage is between 

10 and 20 vo l t s .  

during breakdown shows that: t he  l i g h t  is made up of l ine  spec t ra  

from atoms of both of the e lec t rodes  and from the  d i e l e c t r i c .  The 

l i g h t  emission starts a t  the  same t i m e  t h a t  the voltage waveforms 

ind ica t e  breakdown conduction is s t a r t i n g .  

vo l tage  waveforms ind ica t e  t h a t  the  t r a n s i t i o n  from prebreakdown 

t o  breakdown conduction occurs i n  less than 10 nanoseconds. Once 

breakdown conduction has s t a r t e d  the  res i s tance  remains near ly  

constant,  a t  about 30 ohms, u n t i l  the  approach of t he  vol tage f o r  

the  cessat ion of breakdown. 

breakdown conduction t h a t  i nd ica t e s  the f i e l d  within the  d i e l e c t r i c  

is inhomogeneous. 

All of the  

Time-resolved spectroscopy of t he  light: emitted 

i 

Both the  l i g h t  and the 

A t h e o r e t i c a l  ana lys i s  is given of pre- 

A node1 is offered t o  explain the  general  f ea tu re s  

of the  onset of breakdown, conduction during breakdown, and the  

cessat ion.  The central. fee ture  of t h i s  is the  generation of a plasma 

a t  the  onset of breakdown. 

ducting path during breakdom. 

s u s t a i n  the  plasma, breakdown conduction ceases. 

This plasma serves as the  p r inc ipa l  con- 

When the  applied vol tage  can no longer 



CONTENTS 

i 

I , 

4 

I. INTRODUCTION 

A. PROGRAM OUTLINE 

B. SURVEY OF RECENT WORK ON BREAKDOWN 

11. EXPERIMENTAL METHODS 

A. SPECIMEN PREPAUTION 

B, ELECTRICAL N'IEASURFMENTS 

1. Prebreakdown measurements 

a. Capacitance and DiS8ipatiOn Factor 

b. Dc Voltage-current-temperature characteristics 

C. Carrier type 

d. Local conductance 

2. Breakdown measurements 

ab Threshold for the onset of breakdown 

b. Threshold for the cessation of breakdown 

C .  Breakdown voltage waveforms 

C. OPTICAL SPECTROSCOPY OF BREAKDOWNS 

1. Spectra 

2. Time-resolved spectroscopy 

OPTICAL MICROSCOPY ABID OTHER OBSERVATIONS D. 

1. Optical Microscopy 

2. X-ray diffract ion 

3. X-ray microprobe 

111. RESULTS 
. 

A. ELECTRICAL MEASUREMENTS 

1. Prebreakdown 

a. Capacitance and dissipation factor 

b. Dc voltage-current-temperature characteristics 

1 

3 

4 

8 

8 

10 

10 

10 

11 

14 

14 

14 

18 

18 

18 

20 

20 

24 

30 

30 

30 

30 

31 

31 

31 

31 

37 



C. Carrier type 4 3  

4 3  d. Local conductance 

45 

45 

2. Breakdown 

a. Threshold fo r  the onset of breakdown 

b. Threshold fo r  the cessation of breakdown 

c. Effect of ramp speed on V,, a t  d i f f e ren t  temperatures 

54 

54 

- 3  
" 

d. Voltage waveforms during breakdown 

B. OF'TICAL SPECTROSCOPY OF BREAKDOWNS 

56 

64 . 
' I  

$ 64 1. Spectra 

65 2. Time-resolved spectroscopy - 
C. OPTICAL MICROSCOPY AND OTHER MEASUREMENTS 69 

69 1. Optical  microscopy 

2. X-ray d i f  fract ion 

3. X-ray microprobe 

IV. THEORY OF THE FIELD DISTRIBUTION WITHIN THE DIELECTRIC 

A. FIELD INHOMOGENIETY DUE TO COMGINED ELECTRODE AND BULK PROCESSES 

1. Review 

75 

75 

77 

78 

78 

2. - Field inhomogeneity required for continuity of the injected 

and bulk currents 80 

85 3 .  Discussion of inhomogeneous f i e lds  - and breakdown - 
B. CHARGE DISTRIBUTION AND FIELD INHOMOGENEITY OF A NEUTRAL 

i .b 
ISOLATED INSULATOR 86 

86 

90 

92 

94 

94 

95 

1. theory General 

2. Low f i e ld  approximation -- 
3 .  Discuss ion 

V. COMPARISON OF BREAKDOWN DATA WITH THEORY 

A. THEORY OF FORLANI AND MINNAJA 

B. THEORY OF O'DWYER 



C. 

D, CRITIQUE 

THEORY OF KLEIN AMI GAFNI 

V I .  MODEL FOR BREAKDOWN C0M)UCTXON 

A. 

B. BREAKDOWN CONDUCTION 

C, TERMIMTION OF BREAKDOWN CONDUCTION 

TRANSITION FROM PREBREAKDOWN CONDUCTION TO BREAKDOWN CONDUCTION 

V I I .  PLANS FOR J?URTHER STUDY 

PERSONNEL 

RE FFERE NCE S 

100 

103 

106 

106 

108 

110 

1 14 

115 

116 

1 



FIGURE 

1 

2 

3 
4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

FIGURES 

CAPTION PAGE 

Cryostat fo r  electrical measurements of capacitors in vacuua. 

and impedance-temperature data. 13 

Circuit employed to detect ionic conductivity. 

12 

Measuring circuit used in obtaining dc V-I-T characteristics 

15 

Probe arrangement for local conductance study. l6 

Circuit for measuring breakdown voltages by the ramp method. 

The silicon-controlled rectifier removes the ramp within 

a few microseconds of the occurrence of the breakdown. 17 

Capacitor configuration for areal studies. 

are: 1. 0.064 cm2; 2. 0.45 em2; 3. 0.65 emz; 4. 1.ll cm2; 

5. 3.23 cm2; 

Spectrographic arrangement. 

Capacitor areas 

2 6. 6.68 em . 

Spectrome-ker jig. 

Capacitor configuration for spectometer jig. 

Breakdotm spectrum from an Al-SiO-A1 capacitor. 

Arrangement for time-resolved spectroscopy. 

19 

21 

22 

23 

25 

27 

29 

Light intensity and voltage waveforms from individual 

spectral lLnes. 

individual breakdotms. 

(b) Silicon (from the dielectric SO), X = 2881 8. 
(c) Nickel electrode, X = 3524 8. 
Capacitance/area and dissipation factor vs tenperature. 

(a) SiO. (b) CeF3. (c) MgF2. (d) Ce02. (e) CaF2. 

Each oscillogram is due to several 

(a) Aluminum electrode, X = 3961 8. 

(f) Teflon. 32 

E' and E" vs dielectric thickness for CG2, Me2, and Ce02 

at room temperature and 1000 Bz. 33 



, 

FIGURE 

15 

17 

I 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

CAPTION 

E' and e" vs dielectric thickness for SiO, CeF3, and Teflon 

at roc191 temperature and 1000 Hz. 

D c  voltage-current curves at low and high temperatures. 

(a) SiO. (b) CeF3. (e) M e 2 .  (d) Ce02. (e) CaF2. 

( f )  Teflon. 

Temperature dependence of dc current for dielectrics SiO,  

CeOZy CaF2, MgF2, and CeF3 when the voltage is held constant. 

(All curves are a t  10 V except the Ce?? 

Current density vs l/T curves a t  constant voltage for 

A1-SiO-A1 capacitor 137a. 

Current density vs temperature curves at  constant voltage 

for Al-MgF2-A1 capacitor 148b. 

D c  current-time characteristic a t  constant voltage for 

A1-,MgF2-A1 capacitor 148b. 

Breakdown waveforms showing the applied ranp voltage and 

repeated breakdoims. 

indicated. (a) SiO. (b) MgF2. ( c )  CeQ2. (d) CaF2. 

(e) C&a.  (f) Teflon. 

Fmx vs temperature. (a) SiO.  (b) CeF3. (c) M@2. 

(d) Ce02. (e) CaF2. ( f )  Teflon. 

F m u  vs dielectric thickness for CaF2 and Ce02 capacitors. 

Fmax vs dielectric thickness for  Si0 and Me2 capacitors. 

Fmax vs dielectric thickness for C e F 3  and Teflon capacitors. 

Vaax and V a n  vs dielectric thickness for  C@2 and Ce02 

capacitors. 

Vmx and V,,, vs dielectric thickness for  Si0 and MgF2 

capacitors . 

curve which is at  5 V.) 3 

See Table 4 for slopes. 

The voltages Vmx and V,i, are 

PAGE 

34 

38 

39 

40 

42 

44 

46 

47 
48 

49 

50 

51 

52 



ii 

FIGURE 

28 

29 

30 

31 

32 

33 

CAPTION 

V,, and Van vs dielectric thickness 

capacitors 

for  CeF3 and Teflon 

PAGE 

53 

Breakdown voltage Vmx vs rmp  r ise  rate for CaF2 capacitors 

at  78% and 300%. 

Oscillograms showing voltage waveforms of breakdowns in  

A1-SIO-A1 capaci2;ms. 

(b) Sweep rate 1 psec/cm. 

Photographs of breakdowns of capacitors simultaneousLy 

deposited, but of different electrode areas. 

region of destruction remains about the same i n  size as 

the plate area increases. 

the breakdown increases as the plate area increases. 

photographs are ordered according to increasing plate areas 

going from a t o  f.  

(a) Sweep rate 0.1 psec/cm. 

The central 

However, the outer diameter of 

The 

Relevant numerical data are given i n  

Table 5. 59 

Comparison of breakdowns i n  A1-SiO-A1 capacitors simultane- 

ously deposited but of different plate areas. 

thickness i s  (4.08 .02) 103 8. (a) Capacitance C and 

dissipation factor D vs area A. 

Dielectric 

(b) Time constant zb during 

breakdown vs A. ( e )  Resistance during breakdown Rb vs A. 61 

Continuation of the areal comparisons started i n  Fig. 32. 

(a) V,, and V d n  vs A. 

of breakdown s i tes  vs A. 

down vs A. 

t o t a l  breakdown area Ac/Ab vs A. 

(b) Outside and central diameters 

(e) Energy dissipated per break- 

(a) Areal ra t io  of the central region t o  the 

63 

55 

57 



b 

FIGURE 

34 

35 

35 

36 

i 

37 

:. J 

39 

40 

CAPTION 

Light  intensity and voltage waveforms from breakdown i n  

A1-SiO-Alcapacitors showing the bursts of l ight  during 

the rapidly rising portion of the l ight  intensity signal 

(A1 line,  X = 3961 8) , 
Light intensity and voltage waveforms emitted by aluminum 

atoms i n  two states of ionization, 

X = 257'0 8. 
Etch pattern left on glass substrate a f te r  breakdown i n  

an Al -S iO-A1  capacitor. 

scraped away using a well-honed razor blade. 

Breakdown i n  a Cu-SiO-A1 capacitor having a thick lower 

(a) Neutral atoms, 

(b) Singly ionized atoms, X = 3961 w. 
The capacitor material has been 

electrode of copper (about 3 microns). 

(b) Topograph of a section through the breakdown along a 

diameter , 

Repeated breakdowns i n  A1-SiO-A1 i l lustrat ing the radial  

symmetry of the breakdowns, 

breakdown 

Concentric breakdowns i n  Al-CaF2-AI capacitors. Each ring 

is  due t o  a single breakdown produced using a ramp applied 

voltage 

l ight,  

c onc ent r i c  breakdowns 

Comparison of tunnel and Schottky current densities for 

a barrier of 3 eV. 

Cathode f ie ld  vs bulk f ie ld  when current density is constant 

showing the effects of temgerature and cathode barrier 

height a1. 

(a) Breakdown site,  

Each "flower" represents a 

(a) Concentric breakdowns seen with reflected 

(b) Etch patterns left  on the glass substrate by 

PAGE 

66 

71 

73 

74 

81 

84 



1 

FIGURE 

41 

41 
I 
i 

i 

42 

43 

CAPTION 

Potential energy- of negative ions, 

the potential energy i n  the absence of a f ie ld  and the 

dotted l ine represents the potential energy i n  the presence 

of a f ie ld  Eo. 

distance - a apart, with a separating barrier of height @. 

(a) Net charge distribution (M-N) due t o  the applied f ie ld  

EO* 

0 'Dwyer ' s universal breakdown curve. 

Maximum voltage breakdo3m data of Klein and Gafni for SiO. 

(a) Fmax vs dielectric thickness. 

In each case Fmax is  obtained from prebreakdown V-I-T 

characteristics, 

Solid l ine represents 

A and B are addacent equilibrium sites,  a 

(b) Field configuration i n  %he dielectric. 

(b) Fmx vs temperature. 

PAGE 

88 

93 

97 

102 

i 

i 



j' , 

"' ,1 

Nuniber 

1 

2 

3 

4 

5 

6 
I 

i 

TABIJES 

T i t  l e  

Deposition conditions + 

Spectral lines observed in the breakdown of A1-SiO-A1 

capacitors. 

Average values of E' and E'' for thin f i lm compared t o  

bulk materials (at room temperature and 1000 Hz). 

Slopes of 

A1-SiO-AI. 

i s t i c s  of 

Breakdown 

the constant voltage characteristics of the 

capacitor of Fig. 18 and of similar character- 

an A1-Ce02-A1 capacitor. 

characteristics as a function of capacitor area 

in simultaneously deposited Al-SiO-A1 capacitors. 

Paraeters of O'Dwyer's theory evaluated by comparing 

experimental breakdotm f ield-thickness data w i t h  0 'Dwyer * s 

universal curve. 

26 

36 

41 

60 

99 

i 



<" i 

i 

I 

1 

1 

I. INTRODUCTION 

T h i s  is a study of the  electrical  proper t ies  of d i e l e c t r i c  t h i n  fi lms i n  t h e  

thickness range from 1000 2 t o  15000 i. 
CaF2, CeF3, Ce02, and Teflon. 

o f  des t ruc t ive  breakdown. 

Materials s tudied include SiO, MgF2, 

The emphasis is on the  descr ip t ion  o f  the processes 

The e f f o r t  is a cont inuat ion of  work i n i t i a t e d  i n  the summer of 1964 (Contract 

NAS8 11279, National Aeronautics and Space Administration) t o  study the  causes o f  

f a i l u r e  i n  Al-SiO-A1 t h i n  f i l m  capaci tors .  

were completed i n  August, 1966 and a n  ar t ic le  w a s  submitted t o  the  Journal  of 

Applied Physics i n  October, 1966 (publ icat ion da te  w a s  June, 1967).3 The proposal 

on which t h i s  current  pro jec t  is based w a s  submitted i n  November, 1965, which w a s  

c lose  t o  a year before submission of the  journal  art icle.  

p re t a t ion  of the work done from 1964 t o  1966 occurred during t h i s  period. 

p a r t l y  by conscious choice and p a r t i a l l y  under the  weight of  unforeseen circum- 

s tances ,  the  study performed d i f f e r s  from t h a t  ou t l ined  i n  the proposal. 

f i r s t  trace b r i e f l y  the  events from November, 1965 to  the present time indica t ing  

the  main features  of the proposal, how our perspective changed, and the  r a t iona le  

i n  the program ac tua l ly  pursued (which forms the  main body of t h i s  repor t ) .  

Final  r epor t s  on t h i s  o r i g i n a l  study1,2 

Most of  the in t e r -  

Hence, 

We s h a l l  

The study plan w a s  divided i n t o  four par t s :  preparat ion of t h i n  f i lm 

capaci tors  using c r y s t a l l i n e  d i e l e c t r i c s ,  study of the  electrical and s t r u c t u r a l  

p roper t ies  o f  these  capaci tors  while observing them i n  the e lec t ron  microscope, 

x-ray s tudies  of the  f i lm s t ruc tu res ,  and electrical  measurements outs ide the 

e lec t ron  microscope. The goals  f o r  the  study were: 

1, To obta in  a microscopic view of  the conduction proper t ies  of these  

systems. 

2. To c o r r e l a t e  conduction proper t ies  t o  g ra in  s ize ,  g ra in  o r i en ta t ion ,  

and any o the r  s t r u c t u r a l  c h a r a c t e r i s t i c s  measureable, 



2 
4 

3.  To compare t h i n  f i lm conduction proper t ies  with those of the  bulk 

I 

1 

\ +  i 

materials. 

To be a l e r t  f o r  possible  u t i l i z a t i o n  of any spec ia l  p roper t ies  

observed, such as non-l inear i ty  of  capacitance,  very high 

d i e l e c t r i c  constants ,  marked photosensi t ivi ty ,  e t c .  

4. 

The study plan and the  goals have turned out  t o  be too much f o r  us t o  

accomplish i n  the  a l l o t t e d  time. They were op t imis t i ca l ly  described t o  be f o r  

t h ree  graduate s tudents  and a f acu l ty  member, each working only p a r t  time, fo r  

a period of one year. It now appears t h a t  the  program out l ined can provide the  

t h e s i s  work o f  a t  l e a s t  th ree  physics doc tora l  candidates and a number of M.S. 

candidates f o r  a period of th ree  t o  f ive  years.  

Between November, 1965 and October, 1966 a la rge  mass of da ta  on A1-SiO-A1 

capaci tors  were analyzed and the  r e s u l t s  in te rpre ted  i n  terms of a q u a l i t a t i v e  

model of des t ruc t ive  breakdown. Several  fea tures  not previously reported were 

described . These include the  exis tence of breakdown centers  c l e a r l y  

iden t i f i ab le  i n  the e l ec t ron  microscope, the t r igger ing  of  breakdown at  these 

centers  using the  beam of the  e l ec t ron  microscope, measurement of  the threshold 

f o r  the  onset of  breakdown from 80°K t o  380°K, the  discovery of a threshold voltage 

f o r  the cessa t ion  of breakdotm and the  observation t h a t  t h i s  threshold is t em-  

perature  and thickness independent, and the  discovery of the  presence of c rys t a l -  

l i n e  s i l i c o n  as an end product of breakdown. 

conduction s t a r t e d  with the  f i e l d  d i s soc ia t ion  of the  d i e l e c t r i c .  

1-3 

It was hypothesized t h a t  breakdown 

However, w e  could only suggest a q u a l i t a t i v e  model descr ibing breakdown 

conduction, Also we did not know which of  the  observed fea tures  were unique t o  

the A1-SiO-A1 system and which were general  fea tures  c h a r a c t e r i s t i c  of a l l  t h i n  

fi lm, o r  even of bulk, d i e l e c t r i c s .  The most d i s t i n c t i v e  feature ,  perhaps, was 

the  iden t i f i ca t ion  of a threshold f o r  the  cessa t ion  of  breakdown. Hence, during 

the  past  year,  much of our e f f o r t s  have been devoted t o  the measurement of  t h i s  

threshold f o r  d i f f e r e n t  systems. To da te  it has been found i n  each of  the  
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3 

capacitor systems studied, regardless  of the d i e l e c t r i c  o r  the electrode material .  

The need for fu r the r  informat ion t h a t  might indicate  the proper mechanisms 

of breakdown caused us t o  pursue t h e  suggestion of H. E. Cart t h a t  we analyze 

the  l i g h t  emitted during breakdown. 

and it provides new ins ights  on the breakdown mechanism. 

This has been done during the  past  year 

A. PROGRAM OUTLINE 

The study during the  past  year has d e a l t  with the  propert ies  crf SiO, 

MgF2, CaF2, CeF7, Ce02 and Teflon t h i n  f i lm d i e l e c t r i c s .  

the  work has included the following aspects: 

More spec i f i ca l ly ,  

1. Preparation of capaci tors .  

2. Measurement of capacitance, d i s s ipa t ion  fac tor ,  and dc voltage- 

current  cha rac t e r i s i t c s  as a function of temperature. 

3. Measurement of the threshold fo r  the onset of breakdown and the 

cessat ion of breakdown as  a function of temperature. 495 

4. Miscellaneous electrical  measurements not pursued extensively. 

5 .  Time-resolved spectroscopy of the l i g h t  emitted during breakdowns. 

6 .  X-ray d i f f r a c t i o n  of films. 

7. Optical microscopy. 

8 .  

9. 

6 

Electron microprobe scan of capaci tors  with breakdown areas.  

Study of the  theory of prebreakdown and breakdown conduction. 

Analysis of experimental da ta  i n  terms of some of the theo re t i ca l  

models. Study of  mechanisms t h a t  lead t o  a non-uniform f i e l d  

within the  d i e l e c t r i c .  

Vi r tua l ly  no e lec t ron  microscopy has been done during the pas t  year i n  

s p i t e  of our intent ions t o  pursue the  microscopy. 

w a s  the  f ac t  t ha t  the graduate student scheduled t o  do the microscopy l e f t  

Auburn because of family r e spons ib i l i t i e s  

The prime reason f o r  t h i s  

He was already a t ra ined microscopist 
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and we could not replace him. 

s tudents  who w i l l  pursue t h i s  aspect during the  next f e w  years.  

Fortunately, however, we now have some new gtaduate 

They d l  have 

: 
i 

r i  

e 
? 

1 

I 
4 
J 

1 

J 

,i 

ci 

c 

t he  use of a new Phi l ips  e lec t ron  microscope EM300 which b s  j u s t  beeii i n s t a l l ed  

on the  Auburn campus. 

B, SURVEY OF RECENT $ O l k  ON BREAKDOWN 

N. Klein and h i s  co-workers 8'9310s11 have m d e  extensive s tudies  on^ brealdmm 

i n  A1-SiO-A1 capaci tors  t ha t  have para l le led  our s tud ies  i n  many respects.  Most 

measurements were made on capaci tors  having an area of 0.2 cm and a capacitance 

of about lOo9f, 

studied voltage waveforms dur$ng breakdown, studied the  physical appearance of 

breakdowns, and have made exFensive measurements of the voltages f o r  the  onset 

of breakdown. 

2 

They have met$ured dc voltage-current-temperature cha rac t e r i s t i c s ,  

; 

; 
These they co r re l a t e  with the  series res i s tance  i n  t h e i r  charging 

c i r c u i t ,  with the specimen's past  breakdown h is tory ,  and with the changing 

capacitance of the  material. as the  breakdowns reduce the capacitor s i z e .  Both 

dc and ac breakdown s tudies  have been made. They note the existence of the 

voltage threshold a t  the  end of breakdown and point out i ts  s imi l a r i t y  t o  the 

ex t inc t ion  voltage of an electric arc. The €ollowing9 is a quotation descr ibing 

s ingle  breakdowns and then several  "modes" of breakdown. 

"Bole diameters from a few microns t o  nearly 100 microns were 
observed, and the  heat of evaporation of the  mater ia l  removed 
i n  a s ingle  hole breakdown is  found t o  equal roughly the  e lec t ro-  
static energy s tored i n  the capaci tor ,  These f a c t s  were interpreted 
tha t  s ing le  hole breakdown is due to  the discharge of the capaci tor  
i n to  a flaw i n  the d i e l e c t r i c .  
current  through the flaw causes thermal i n s t a b i l i t y  and increase 
i n  conductance by many orders of magnitude. The Joule heat causes 
evaporation and erupt ion at  high mechanical pressure and formation 
of the hole. 

The discharge is produced when 

A t  high voltages and when the  series r e s i s t o r  is  10 kllohms or 
less i n  these experiments a second type of breakdown, the prop- 
agating breakdown occurs. Figure 2 shows typ ica l  destruct ion,  
which is large compared with t h a t  of a s ingle  hole breakdown. 
Oscillograms show t h a t  energy fo r  the propagation is supplied 
from the  ex terna l  source, Propagating breakdown is t r iggered 
by a s ing le  hole breakdown and there  are severa l  modes of 
propagation, I n  one, an arc destroys the upper e lectrode,  the  
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arc burning as long a51 the  supply can maintain it. 
second mode, s ing le  hole breakdowns occur a t  adjacent sites. 
The temperature increase and possible  mechanical damage a t  
t he  previous s i te  a id  the  breakdown a t  the new s i t e  when 
energy is supplied a t  a su f f i c i en t  rate from the  supply. 

I n  a 

I n  the invest igat ion described here, a fur ther  mode of 
breakdown propagation was observed i n  r e l a t i v e l y  thPck 
d i e l e c t r i c s ,  when the  s ing le  hote is  pradttcel a 
above 350 vol t s .  
the  breakdown of the  a i r  i n  the  hole through the  d ie lec t r ic . "  

This propagation seems t o  be caused by 

Klein and Gafni go on t o  descr ibe capaci tors  as being "soft" o r  tlhard'l. 

%oft" capaci tors  experience a range of breakdown threshold values i n  a f a i r l y  

continuous fashion, while "hard" capaci tors ,  a f t e r  a few preliminary breakdmms, 

sus ta in  a r a the r  large applied voltage u n t i l  they breakdown i n  one grand burst  

where the  en t i re  uni t  (area 0.2 cm ) is destroyed, 

leakage current  typ ica l ly  changes from about 5 x loo9 amps a t  10 vo l t s  t o  about 

. 

2 I n  t h i s  l a t te r  case,  the 

amps a t  240 vo l t s ,  the  breakdown voltage. Klein and Gafni continue by 

developing a theory of thermal breakdown. 

temperature of the capaci tor  p r i o r  t o  breakdown can be determined by equating 

They assume tha t  the equilibrium 

the Joule heat with tha t  l o s t  by heat t r ans fe r  t o  the surroundings 

where 0 is the  e l e c t r i c a l  conductivity,  A t he  e f f ec t ive  capaci tor  area, h the 

d i e l e c t r i c  thickness,  To the ambient temperature and I' the  thermal conductance. 

Using the temperature var ia t ion  i n  found experimentally, values of the brealc- 

down f i e l d  fo r  capaci tors  of d i f f e r e n t  thickness are predicted and compared with 

experiment. The agreement is surpr i s ing ly  good. 

12 Sze applied the  method of  Klein and Gafni t o  breakdown i n  SiN capaci tor  

s t ruc tures .  Whereas Klein and Gafni used t h e i r  theory for the desr ip t ion  of 

breakdown i n  '*hard" capaci tors ,  Sze applied the  theory t o  "soft" capacitors.  He 

used a d i f f e ren t  current-voltage-temperature r e l a t i o n  and several approximations 

and obtained good agreement between theory and experiment a t  temperatures above 

2OooK. 

I 
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The agredmeuit mentioried above bet ieen the phenomenological theory and 
. ,  

egperiment seems t o  us  t o  be fartuitoi.is, 

o ther  than Si0  o r  SiN where there  is v i r t u a l l y  no temperature dependence of the 

prebreakdown conductivity yield v i r t u a l l y  the same breakdown behavior as i n  SiO. 

This is  not t o  be expected on the Klein-Gafni theory. 

of Klein and Gafni, the capaci tors  used t o  test the theory were "hard" capaci tors  

t h a t  had extremely high leakage currents  immediately p r io r  t o  breakdown. Their 

dc voltage-current-temperature curves are qu i t e  d i f f e r e n t  from the  ones we have 

obtained on measurements covering many capacitors.  Hence, the breakdown described 

may well be more nearly l i k e  tha t  of a resistor than of a capacitor.  

the theory gives no ins ight  on the t i m e  h i s to ry  of the  breakdown, on the  reason 

fo r  the existence of a threshold voltage fo r  the cessat ion of breakdown, and on 

the s i z e  and configuration of the breakdown areas. Since breakdown is regarded 

as a smooth continuation of prebreakdown behavior, no spec ia l  mechanisms a r e  

invoked t o  explain breakdown. 

t o  breakdown conduction ( i n  less than 10 nanoseconds) i n  a l l  mater ia ls  tes ted  

suggests s t rongly t h a t  spec ia l  mechanisms are operative.  

breakdown f i e l d s  i n  t h i n  f i l m s  with those of bulk mater ia l s  suggest these 

conduction mechanisms are d i s t i n c t ,  f o r  the leakage cur ren ts  i n  bulk d i e l e c t r i c s  

p r io r  t o  breakdown can be small compared t o  the leakage currents  i n  t h i n  films. 

Meashkements tie have made on systems 

I n  the o r ig ina l  development 

Final ly ,  

Yet the  very rapid t r a n s i t i o n  from prebreakdown 

The s imi l a r i t y  i n  

An important way i n  which our breakdown s tud ie s  vary from those of Kle in  

and h i s  co-workers is i n  the  nature of the  applied voltage used i n  making the  

breakdown tests. 

r i s i n g  ramp voltage t o  the capaci tor  under t es t  and continue the ramp u n t i l  

breakdown occurs. The ramp is terminated by a s i l i c o n  control led r e c t i f i e r  

act ivated by the breakdown pulse. I f  the ramp is continued without removal of 

the applied voltage,  succeeding breakdowns generally occur a t  a voltage higher 

than tha t  of the  first breakdown. 

downs, t o  use the terminology of Klein, while h i s  s tud ies  concentrate on the  

I n  our breakdown threshold measurements, we apply a slowly 

Thus, our work is on the "single-hole" break- 
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"maximum voltage" breakdowns. H i s  maximum-voltage breakdowns are preceded by 

cur ren ts  far l a rge r  than those tha t  we have observed i n  S i 0  p r io r  to breakdown. 

It is not clear why h i s  ac breakdown s tudies  give r e s u l t s  resembling h i s  dc 

s tud ie s  r a the r  than our ramp s tudies .  

O'Dwyer13 has recent ly  pointed out  some d i f f i c u l t i e s  i n  the theory of 

avalanche breakdown as described by Seitz14 fo r  bulk d i e l e c t r i c s .  He points  

11 out  t h a t  S e i t z '  theory would requi re  the  bui ld  up of  f i e l d s  of the order of 10 

volts/cm, values t h a t  are orders of magnitude too high. 

large f i e l d s  i s  the  lack of a cont inui ty  condition on the  current  i n  the d i e l ec t r i c .  

On imposing such a condition, O'Dwyer f inds  t h a t  the  f i e l d  inside the d i e l e c t r i c  

must be inhomogeneous and Larger a t  t h e  cathode than elsewhere. Time is  required 

t o  set up the  inhomogeneous f i e l d ,  thus explaining why the breakdown voltage 

depends on the  rate a t  which voltage is applied t o  the capaci tor .  The large 

f i e l d  a t  t he  cathode causes f i e l d  emission from the  cathode in to  the d i e l e c t r i c .  

For t h i n  d i e l e c t r i c s ,  there  is  no temperature dependence. The thickness dependence 

seems t o  f i t  t he  observations of severa l  observers for  N a C l  and A1203 and is 

similar t o  t h a t  obtained i n  Forlani and Minnaja15. 

The reason for  these 

O'Dwyer's approach seems t o  be more sa t i s fy ing  than t h a t  of Klein and 

Gafni. However, it gives no t i m e  s ca l e  for  tke  breakdown, it gives l i t t l e  

ins ight  i n t o  conduction during breakdown and it te l ls  nothing of  the termination 

of breakdown. Further, it gives  no ins ight  t o  the s i z e  of  the  breakdown o r  t o  

the  varied nature of  the appearance of breakdown pat terns .  

genera l i ty  of  O'Dwyer's approach gives h i s  theory c r e d i b i l i t y ,  s ince breakdown 

behavior seems t o  be so similar for  materials tha t  are otherwise very d i f f e ren t .  

However, the  
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11. EXPERIMENTAL METHODS 

A. SPECIMEN PREPARATION 

Capacitors were prepared by v~?cuum evaporation using resistance-type sources. 

A l l  th ree  layers  of the capaci tor  could be deposited without breaking vacuum. 

Unless otherwise indicated,  the  subs t ra te  material was s o f t  glass (microscope 

s l i d e s ) ,  

of test envisaged. Most of  the electrical measurements were made on s t ruc tu res  

having areas of 5.4 cm o r  8.4 cm . 

A var i e ty  of mask arrangements was employed, depending upon the  type 

2 2 Thickness and rate of deposit ion were 

monitored during deposi t ion using crystal monitors. Dielectric thickness was 

subsequently measured by multiple-beam interferometry (Tolansky method). 

conditions f o r  the various capaci tor  structures are summarized i n  Table 1. 

Deposition 

Table 1 shows the several  d i f f e ren t  evaporation systems tha t  were used i n  

I preparing capacitors.  A l l  were be l l  jar systems v7ith o i l  d i f fus ion  pumps, op t i ca l  
J 

b a f f l e s  t h a t  could be cooled with l iqu id  nitrogen ( l iquid nitrogen was not 

I normally used, however), and source to  subs t ra te  dis tances  from 9 t o  18 inches. 

The subs t ra tes  could be heated by radiant  heaters  mounted j u s t  above the i 
substrates .  

on the b e l l  jars o r  on the  f i t t i n g s .  

heated p r io r  t o  deposit ion of the dielectric, the preheating t i m e  was de l ibera te ly  

kept t o  10 o r  15 minutes t o  avoid crazing of the i n i t i a l  aluminum layer.7 

Shields  were used t o  prevent depos i t ins  large amounts of material 

In those cases where the  subs t ra te  was 

Electrical connections from the capaci tors  t o  the  ex terna l  c i r c u i t r y  were 

Generally made e i t h e r  i n  the form of pressure contacts  o r  solder  connections. 

s i l v e r  contacts were f i r ed  onto the substrates p r i o r  to  the f i n a l  cleaning 

operations and externa l  leads were soldered t o  these o r  pressure contacts  were 

made t o  them. 

t o  aluminum electrodes by using a s i l v e r  pressure contact,  

However, it was found possible t o  make r e l i a b l e  contacts d i r e c t l y  

The procedure fo r  cleaning subs t ra tes  was varied s l i g h t l y  during the course 

of these experiments. 

with a detergent (Tide) using deionized water and u l t rasonic  ag i ta t ion ,  then three  

The procedure cur ren t ly  used starts with a ten-minute wash 
J 

i 
I 



, Table 1. Deposition conditions 

Dielectric Source Type 

Open and baffled 

Open boat (Ta) 

RF - sputtering 

holder water- I 

Systems 
1. 
2.  
3. 
4, 
5 .  

CVC-18 
NRC 
Shop fabricated 
RF - Sputtering 
Denton 10-in. system 
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r in ses  i n  deionized water, then three more r in ses  i n  deionized water each with 

a t  least ten  minutes of ul t rasonic  ag i t a t ion ,  and f i n a l l y  a ha l f  hour or more i n  

a vapor degreaser using impropy1 alcohol. The s i l v e r  contact tabs  are then painted 

on and the system heated t o  55OoC. To avoid contamination from the  W e d l  a 

layer  of aluminum f o i l  is  wrapped about the  glass rack rbhtdfding the sbbstrates .  

Af te r  cooling,the subs t ra tes  are s tored i n  a dess ica tor ,  

evaporation, the e n t i r e  washing procedure is repeated, ?he subs t ra tes  a re  

t ransferred from the vapor degreaser, loaded onto the  subs t ra te  holder i n  a 

clean bench, and car r ied  t o  the adjacent evaporator with the  subs t ra te  downward. 

The f i r s t  washing procedure is a somewhat recent addi t ion t o  the cleaning 

Immediately before 

procedure. 

t o  the cleaning process. 

of the  s i l v e r  and to  provide a cleaner f i n a l  surface.  

By washing p r io r  t o  f i r i n g ,  any d i r t  on the subs t ra tes  is subjected 

The addi t iona l  wash a l s o  seems t o  improve the adhesion 

The above procedure seems t o  yield clean surfaces judging by the adhesion 

of evaporated f i l m s ,  the uniformity of breath condensation and evaporation pat terns ,  

and microscopic examination. 

a f t e r  cleaning reveals ,  using dark f i e l d  i l lumination, a d i s t r ibu t ion  of t i ny  

i r r e g u l a r i t i e s  i n  the  glass surgace. These are i n  the  micron t o  submicron range 

and are randomly d is t r ibu ted .  

the point i r r e g u l a r i t i e s  general ly  seen i n  the deposited f i l m s .  

found tha t  the  blunt tweezers used i n  t r ans fe r r ing  the  subs t ra tes  cause micro- 

chipping of the g l a s s  surface,  

is  r e a l l y  an a r ray  of these microchips. Thus, it is des i rab le  t o  avoid contact 

by tweezers over the  region of the subs t ra te  t h a t  i s  ult imately to  be covered 

with the f i l m s .  

However, microscopic examination of the subs t ra tes  

They are of about the same dens i ty  and size a s  

It has been 

Probably some of the "~curn '~ occasionally observed 

B. ELECTRICAL MEASUREMENTS 

1. Prebreakdown Measurements 

a. Capacitance and Dissipat ion Factor 

Capacitance and d i s s ipa t ion  fac tor  were measured as a function of 
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temperature a t  a frequency of 1000 cycles using an ESI Model 250 DA impedance 

bridge. These measurements were usual ly  s t a r t ed  a t  room temperature and made 

as the  systemwas cooled i n  vacuum t o  l iqu id  nitrogen temperature (see Fig. 1 

fo r  the  arrangement of the cryostat) .  Frequently, the  capaci tors  had t o  be formed 

before any measurements of capacitance were possible.  This need was more pro- 

nounced with the c r y s t a l l i n e  d i e l e c t r i c s  than f o r  the SiO. 

b, D c  Voltage-Current-Temperature Charac te r i s t ics  

Measurement of the  dc voltage-current-temperature cha rac t e r i s t i c s  

were made a s  the  capaci tor  was warmed from 78’K up t o  about 380%. The measuring 

c i r cu i t  employed is shown i n  Fig. 2. The applied voltage was obtained from a 

Hewlett-Packard function generator,  Model 3000A with Model 3302A Plug-in. 

provided a t r iangular  wave of cont ro l lab le  period and amplitude t h a t  could be 

applied i n  s ing le  pulses o r  r epe t i t i ve ly .  Normally, the negative half  of the 

pulse was bypassed by a diode instead of being applied t o  the  capacitor.  The 

voltage was not allowed t o  rise more than a few ten ths  of a vo l t  above t e n  vol t s .  

This 

i 
I 

I 
I 
1 

i The rise rate of the  applied voltage was usually about 1 vol t f sec .  A t  very 

.i 

Y 

d 

low currents  an electrometer (GR Hodel 1230A) could be used to measure the 

current .  This instrument has a recorder output which could be displayed OR 

the  same xy-recorder, Moseley plodel 7000A,as was used otherwise. 

The current  going t o  the capaci tor  (displacement plus leakage) was determined 

by measuring the  voltage across a standard res i s tance ,  usually 1000 ohms (see 

Fig. 2). I n  any event, care  was taken t o  keep t h i s  res i s tance  small compared 

t o  the  input impedance of the  recorder (1 megohm). In  cases where the leakage 

currents  through the capaci tors  were very small (less than 0.1 4) it was 

necessary t o  subtract  the charging current  from the  t o t a l  current i f  the leakage 

. I f  the applied voltage 
charging + ‘leakage 

was t o  be measured. 

increases l i nea r ly  and the time constant of the  c i r c u i t  is very small, then 

Thus Itotal = I  

is a constant.  The value of Icharging can be determined by measuring ‘charging 
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Fig. 1. Cryostat for electrical measurements of capacitors in vacuua. 



13 

! 

' I  
J 

n 
0 
0 
W 
Q: 

> 
x 
I 

X 

r 
f: 
H 

0 a 



14 

. i  

the  current  a t  very low voltage when Ileakage is negl igtble ,  assuming t h a t  the  

charging rate i s  constant. 1 

c. Carrier Type 

I n  order t o  d is t inguish  ionic  conduction from e lec t ron  or hole 

conduction, a steady voltage was applied fo r  a long period and the current  

measured a t  regular  in te rva ls .  If the current  did not vary with time a f t e r  

the f i r s t  few seconds, it was assumed tha t  the  current  was e lec t ronic  i n  nature. 

On the  other  hand, i f  the current  gradually f e l l  t o  zero, then the current was 

taken t o  be ionic. The c i r c u i t  employed i n  t h i s  is shown i n  Fig. 3. 

d. Local Conductance 

An a t t empt  has been made t o  measure the microscopic var ia t ions  i n  

conductivity by a probe method (see Fig. 4).  An electropolished tungsten point 

was moved over the surface of a d i e l e c t r i c  f i lm deposited on top of a base f i lm 

of aluminum. The current was observed when the  voltage between probe and base 

was maintained constant. The purpose was to  describe the electrical var ia t ions  

found and t o  co r re l a t e  them to  topographical pecu la r i t i e s ,  t o  the forming process, 

t o  prebreakdown conduction, and t o  breakdown conduction. 

2. Breakdown Measurements 

The method used i n  the breakdown measurements is the  same as t ha t  

previously describedlW3 with only minor changes i n  the  c i r c u i t r y  (see Fig. 5). 

The applied voltage was i n  the form of a ramp whose rise time could be controlled.  

The rise t i m e  was chosen so t h a t  it was typ ica l ly  more than 100 times the RC t i m e  

constant of the charging c i rcui t .  

e s sen t i a l ly  tha t  of  the applied ramp. 

sweep c i r c u i t  of a Tektronix osci l loscope o r  a Hewlett-Packard function generator 

(Model 3000A) and an ex terna l  amplif ier  when necessary. 

e s sen t i a l  both t o  a t t a i n  su f f i c i en t ly  high voltages and t o  preserve the ramp 

waveform i f  the  test capacitor became extremely leaky p r i o r  t o  breakdown. 

Thus, the voltage across  the capaci tor  was 

The ramp voltage was supplied from the 

The amplif ier  was 
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Fig. 3. C i r cu i t  employed t o  detect  ionic  conductivity. 
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\MICROMETER SCREW ELECTRICAL 
CONNECTIONS 

CAPACITOR SLIDE 

DOVETAIL SLIDE 

20 MIL NICKEL SUPPORT WIRE 

3 MIL TUNGSTEN WIRE 

ELECTRO POLISHED POINT 

NLARGEO PROBE 

Fig. 4. Probe arrangement f o r  local conductance study. 
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a. Threshold fo r  t he  Onget of Breakdown 

I n  measuring the  vol tage fo r  the  onset of  breakdown, an attempt was 

made t o  l i m i t  the  capaci tor  t o  only one breakdown fo r  each ramp. 

accomplished by short ing out  t h e  supply voltage with a s i l i c o n  control led 

rectifier ac t iva ted  by the vol tage pulse accompanying the  breakdown. The 

c i r c u i t  containing the  s i l icon-control led r e c t i f i e r  could be removed t o  be sure  

tha t  it was not influencing the  measurement o f  the  breakdown voltage. The ramp 

rise time t o  the  breakdown voltrage was general ly  severa l  seconds, The value of 

the  ramp voltage w a s  recorded on a Bausch and Lomb Model VOM 7 recorder as the 

ramp rose t o  the  breakdown vol tage and then dropped abrupt ly  on the  occurrence 

of t h e  breakdown. 

This was 

Measurements of the voltage fo r  t he  onset of breakdown were made as a 

function of  temperature and of ramp speed. 

recorded osc i l lographica l ly  instead of with the  slow char t  recorder. 

s e r i e s  of measurements, a group of s i x  capaci tors  of  d i f f e r i n g  areas were 

simultaneously deposited. 

voltages,  waveforms, capaci tor  s i zes ,  and the dimensions of the  breakdowns were 

correlated.  The capaci tor  configurations are shown i n  Fig. 6. 

b. Threshold fo r  t he  Cessation of  Breakdown 

Where necessary, the waveform was 

I n  one 

These were subsequently broken down and the  breakdown 

The voltage a t  the  termination of breakdown w a s  determined from 

the voltage waveforms of breakdowns. 

a f t e r  the f i r s t  breakdown, r a the r  it was continued u n t i l  t en  o r  more breakdowns 

had occurred i n  succession, A c h a r a c t e r i s t i c  cutoff  value w a s  obtained fo r  

each capacitor.  

a function of temperature and capaci tor  area. 

The ramp voltage was not cut  off immediately 

This threshold for the  cessat ion o f  breakdown was measured as 

c. Breakdown Voltage Waveforms 

The waveforms of s ing le  breakdowns were s tudied t o  .determine I‘ 

t h e  presence o fp recu r so r s  t o  breakdowns, the nature of  the  onset of breakdown 

conduction, t he  conductance during breakdown, and the  conditions terminating the  

breakdown. 
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Fig.  6. Capacitor configuration for areal studies. Capacitor areas 
are: 1. 0.064 cm2; 2. 0.45 em2; 3. 0.65 em2; 4. 1.U em2; 5. 3.23 cm2; 
6. 6.68 em2. 
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C. OPTICAL SPECTROSCOPY OF BREAKDOWNS 

Destruct ive breakdown is accompanied by a f l a sh  of  l i g h t ,  &&e Wci*:& 

performed to  determine the  nature  of t he  emitted l i g h t  and t o  t r y  to relate the  

emitted l i g h t  t o  o the r  aspec ts  o f  t he  breakdown process. F i r s t  the  spectrum of 

a breakdown w a s  determined, then the individual  spec txa l  l i n e s  were s tudied to 

determine how t h e i r  i n t e n s i t i e s  var ied with t i m e ,  

1. Spectra  

The spectrum of the  emi t ted  l i g h t  was found using a Bausch and Lomb 
I 

quar tz  prism spectrograph havi<i a range of  2100 2 t o  6500 8. 
use of  the spectrograph a broad, continuously emitting l i g h t  source is placed 

about two fee t  from the e n t r y  s l i t  (see Fig. 7). Light is focused on the  

sl i t  by a quar tz  lens  located between the  source and the s l i t .  Since the  

spectrometer has an e f f e c t i v e  aper ture  of  f/12, not a l l  o f  the  l i g h t  en ter ing  

the  s l i t  passes through the  system onto the photographic p l a t e .  

I n  the ordinary 

i 
i 

I 

I 

It should be appreciated t h a t  a capaci tor  breakdown is not a typ ica l  

spectrometer source. 

e m i t  from a constant locat ion.  

each is local ized t o  a region less than a t en th  of a millimeter i n  diameter, 

and each occurs a t  a d i f f e r e n t  spot  on the capaci tor .  

s i te  cannot be predicted p r i o r  t o  the  occurrence of the breakdown. 

of  la rge  area were posit ioned at the  loca t ion  of the  conventional i l luminat ing 

source of t he  spectrograph, the  probabi l i ty  of breakdowns occurring so t h a t  t h e i r  

l i g h t  would en te r  the s l i t  and be recorded on the  photographic p l a t e  is small. 

No spectrum was obtained when t h i s  method was t r i e d .  

The capac i tor  undergoing breakdown does not continuously 

Each breakdown lasts only about a microsecond, 

The loca t ion  o f  a breakdown 

If a capaci tor  

A method t h a t  d id  provide spec t ra  is i l l u s t r a t e d  i n  Figs,  7, 8, and 5 4 .  A 

capaci tor  3 mm wide and 8 mm long is posit ioned as shown i n  Fig. 7 i n  f ron t  of 

the spectrometer s l i t  using the  spec ia l  mounting j i g  of Fig. 8 .  Electrical contacts  

3 
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were made using pressure 

capaci tor  faced d i r e c t l y  

of the  small capaci tors ,  

24 

contacts d i r e c t l y  t o  the aluminum electrodes,  

i n to  the  s l i t  with no intervening layer  of glass .  

each with independent e lectrodes,  were fabricated on a 

The 

Seven 

single 1" x 3'' microscope s l i d e  (see Fig. 9). Upah &@plicat ion of a ramp voltage 

of su f f i c i en t  amplitude, des t ruc t ive  breakdown occurred. 

Ordinary spec&ographic p l a t e s  were too insens i t ive  t o  obtain spectra ,  so 

Kodak Royal-X Pan f i lm (speed ASA1600) w a s  used. 

was not avai lable  i n  2" x 10" p l a t e s ,  the  s i z e  required by the  spectrometer, 

120 f i lm w a s  trimmed and taped t o  2" x 10" p la tes .  

seven minutes i n  Kodak DK-GOA developer a t  68'F. 

Since the emulsion on t h i s  f i lm 

The f i lm was developed for 

Since each breakdown is very nearly a point source of l i g h t ,  the  spectrum 

t h a t  i t  produces is  a s ing le  dot a t  each wavelength present ,  The posi t ion of 

the dot  v e r t i c a l l y  ( the spectrograph disperses  horizontally) i s  determined by 

the v e r t i c a l  loca t ion  of the breakdown with respect t o  the spectrometer s l i t .  

A series of breakdowns along the length of the s l i t  is needed i n  order t o  

c l ea r ly  map out a l i ne .  It was f e l t  des i rab le  t o  do this (even though the dots  

of a s ingle  breakdown r e a l l y  determined the  spectrum) so t h a t  there  would be no 

confusion between possible e lectrode arcing e f f e c t s  and genuine breakdowns. 

Line spectra  were obtained. These were ident i f ied  by making comparison a r c  

spectra  of pure samples o f  the major const i tuents  of the capacitors.  

of a capacitor breakdown spectrum is shown i n  Fig. 10. The l ines  are ident i f ied  

and are l i s t e d  i n  Table 2. 

A t rac ing  

2. Time-Resolved Spectroscopy 

After  discovering t h a t  l i n e  spectra  were emitted during breakdown, 

an experiment was performed to relate the  voltage waveform and the l i g h t  output 

a t  each wavelength as a function of t i m e .  

spectroscopy was assembled as shown i n  Fig. 11. The test capaci tor  is held i n  

the same j i g  as i n  Fig, 3 which is mounted a t  the en t ry  s l i t  of a monochromator 

( component par t  of a Bausch and Lomb Spectronic 505 spectrophotometer) t ha t  has 

A spectrometer for  time-resolved 
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Table 2. 

Material  Wavelength (2) Ionization State Relative Intensity 

Spectral l i n e s  observed i n  the breakdoim 02 Al-Sio-A1 capaci tors .  

Silicon 2435 I 4 

2506 I 5 

25 14 I 5 

2516 I 5 

2519 

25 24 

2528 

2631 

2881 

2987 

3905 

Aluminum 2567 

2575 

2652 

2660 

3041 

3074 

3082 

3092 

3944 

I 

I 

I 

I 

neutral 

neutra 1 

I 

I 

11 

I 

I 

I 

5 

5 

5 

4 

6 

3 

2 

3 

3 

2 

3 

1 

1 

6 

6 

10 

3961 I 10 
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a reso lu t ion  of 5 A o r  50 2, depending upon the  s l i t  s e t t i ngs .  The wider slit  

width was  used during most of the  experiments on l i n e s  t h a t  were wel l - isolated 

so that the  loca t ion  of t he  breakdown with respec t  t o  the spectrometer s l i t  would 

not be q u i t e  so crit ical .  

The l i g h t  passing through the monochromator was detected by a RGA 1P28 

photomultiplier tube (u l t r av io l e t  s ens i t i ve ) .  The tube w a s  operated w i t h  1000 

v o l t s  from anode t o  cathode and with 100 v o l t s  per dynode stage.  A metal sh i e ld  

placed i n  contact with the  tube envelope and maintained a t  the cathode po ten t i a l  

reduced the noise l eve l  markedly. The vol tage s igna l  from the photomultiplier 

w a s  displayed on a Tektronix dua l  beam osci l loscope,  Model 551. 

are shown i n  Fig. 12. 

Typical waveforms 

A second photomultiplier tube,  RCA 6199, was posit ioned over the capaci tor  

mounting j i g  as shown i n  Fig. 11. This gave the  integrated i n t e n s i t y  of the 

l i g h t  over the  v i s i b l e  range of  the spectrum and was usefu l  as a monitor. It 

also 

with 

used 

operated a t  1000 vol t s ,  

The vol tage waveform across the  capac i tor  could be displayed and recorded 

e i t h e r  one of the above, or with both i f  a second osci l loscope was used. 

I n  performing the experiments the Hewlett-Packard function generator was 

t o  supply the  ramp. The ramp amplitude was normally chosen so t h a t  only 

one or two breakdowns occurred during a s ing le  ramp. 

t r iggered by t h e  capaci tor  vol tage pulse accompanying breakdown, by the  integrated 

l i g h t  s igna l ,  o r  by the output of the monochromator. There was always a one-to- 

one correspondence between the  breakdown voltage waveform and the  integrated 

l i g h t  s igna l .  

allow l i g h t  t o  ge t  through the  monochromator. 

amplitude of t he  continuous s p e c t r a l  background. 

4000 A, t h i s  background (measured with the 50 2 slit) w a s  less than 1% of the 

peak i n t e n s i t y  of  the  s t rong s p e c t r a l  l i nes .  

The osci l loscope could be 

However, not every breakdown occurred a t  a pos i t ion  t h a t  would 

Tests were made t o  determine the 

I n  the  region between 2000 and 
0 
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Fig. 12. 
l i n e s .  Each oscillogram i s  due t several  individual  breakdowns. 

h = 2881 8. 

Light i n t e n s i t y  and voltage waveforms from individual  spec t r a l  

4 
1 

( a )  Aluminum electrode,  h = 3961 w e (b)  S i l i con  (from the  d i e l e c t r i c  SiO), 
( c )  Nickel e lectrode,  h = 3324 8. 
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D. OPTICAL MICROSCOPY AND OTHER OBSERVATIONS 

1. Optical  Microscopy 

Capacitors, individual  f i lms,  and subs t r a t e s  were examined a t  d i f f e r e n t  

s tages  of  t h e i r  h i s t o r y  using an o p t i c a l  microscope with t ransmit ted,  

i l luminat ion r e f l ec t ed ,  b r ight  and dark f i e l d  i l lumination, and re f lec ted-  

polarized i l luminat  ion. 

2, X-ray Di f f r ac t  ion 

X-ray d i f f r a c t i o n  

f i l m s  p r i o r  t o  deposi t ion,  

3. X-ray Microprobe 

da ta  were obtained comparing the  s t ruc tu res  of  the 

a f t e r  deposi t ion,  and a f t e r  breakdown. 

Specimens were examined using x-ray microprobes by Roy Bicklehaupt 

of the  Southern Research Ins t i t u t e  and by R. A. Parr and Gordon Marsh of  the  

Marshall Space F l ight  Center. They sought t o  determine concentrations of 

elements before and subsequent t o  breakdown. 
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A. ELECTRICAL MEASUREi ENTS 

1. Erebreakdown 

a. Capacitance and Dissipat ion Factor 

The temperature dependence of the  capacitance per u n i t  area, C/A, 

and of t he  d i s s ipa t ion  f a c t o r  are shown i n  Pig. 13 f o r  t yo ica l  capac i tors  of 

each of the  materials of t h i s  study,!. 

a t  5OC i n  CeF3, a t  -6OoC i n  CaP2, $nd a t  -1OOOC i n  CeO 

peaks are changes (with increasing temperature) i n  t h e  real p a r t  E '  of the  

relative d i e l e c t r i c  constant by a f ac to r  of 16 i n  CeF3, of 1 .2  i n  CaF2, and 

of 10 i n  CeO2. 

time i n  the  range of rneasurement.l6 

f ac to r s ,  but  not appreciably l a rge r  than t h a t  of YgP2. 

area of CeF 

o ther  materials. 

I 

Peaks are found i n  the d i s s ipa t ion  f ac to r  
f 

Accomnanying these 2' 

Such behavior i s  typ ica l  of a system with a s i n g l e  re laxa t ion  

Both CeF3 and CeO2 have l a r g e  d iss ipa t ion  

The capacitance per u n i t  

and Ce02 is  c lose  t o  two orders  of magnitude grea te r  than t h a t  of t he  

The temperature depend.ence exhibited by C/A and D is qu i t e  
3 

similar i n  S i0  and MgF2. This i s  t o  be noted because the  dc current-voltage- 

temperature cha rac t e r i s t i c s  of these two materials (see Pigs. 18 and 19) d i f f e r  

markedly. 

Figures 14 and 15 show t h e  values o f  E '  and E ' ' ~  t he  real and imaginary p a r t s  

of the  relative d i e l e c t r i c  constant,  f o r  each of t h e  materials s tudied.  The 

da ta  are p lo t ted  as a funct ion of d i e l e c t r i c  thickness and the  measurements were 

taken i n  vacuua a t  room temperature at  1000 Hz, 

considerable scatter i n  a l l  materials i n  t h e  value of c". The value of E '  i n  

S i0  and i n  MgF2 is  found t o  be e s sen t i a l ly  independent of thickness and each i s  

f a i r l y  well-defined. 

It is  seen t h a t  t he re  is 

This is f n  cont ras t  t o  the wide scatter i n  E '  i n  t he  o ther  

materials. 

Ce02 seems t o  display a systematic thickness dependence i n  both E '  and E". 

There is a monotonic increase  i n  both up t o  about 3500A0, then an abrupt droo. 
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I n  room air the  d i e l e c t r i c  

and somewhat unp r e d i  c tab l e  

35 

constant E '  (and correspondingly 

(100 t o  600). 

E") was very high 

When the  capaci tors  were placed i n  vacuum E '  t yp ica l ly  decreased. For 

dielectric thickness grea te r  than 3500A0 t h i s  decrease was considerable (50% to  

9 5 % ) ,  while f o r  d i e l e c t r i c  thicknesses less than 3500A0 t he  decrease was s l i g h t .  

The change i n  E '  is  a t t r i bu ted  t o  a decrease i n  humidity r a t h e r  than pressure.  

The d i e l e c t r i c  constant d id  not increase again when air w a s  l e t  i n t o  the  c rybs ta t  

through a drying agent bu t  did increase when the  capaci tor  w a s  removed from the  

c ryos ta t  and placed i n  open air .  The sudden change i n  E '  and E" a t  a thickness 

of 3500A0 could possibly be r e l a t ed  t o  a thickness dependent humidity s e n s i t i v i t y .  

No indica t ion  of d i f f e r e n t  oxide s t ruc tu res  resu l ted  from x-ray d i f f r a c t i o n  of 

d i e l e c t r i c s  i n  the  two thickness ranges. 

Table 3 contains average values of E '  and E" and comares  these  with values 

from bulk specimens. 

It should be pointed out  t h a t  a meaningful co r re l a t ion  has been found i n  

S i0  da t a  between rate of deposit ion and both E '  and E". This i s  general ly  

a t t r i bu ted  t o  the  higher percentase of Si02 a t  t h e  lower deposi t ion rates. 

A comparison of E '  and E" with deposit ion rate is not  made f o r  a l l  of t he  

materials s ince  t h i s  

deposit ton var iab les .  

17 

parameter has general ly  been held constant t o  reduce 

Nowever, deposi t ion rate is an i m o r t a n t  parameter. 18 

the 

Probably t h e  widest range i n  deposi t ion rates i n  these experiments occurred i n  

Si0 and i n  MgF2. 

varied,  while with the MgF2 t he re  were l a rge  d i f fe rences  accompanying experiments 

t o  determine the  bes t  type of evaporation boat.  

and i s  not  heated uniformly, then the  material condenses on the  cooler p a r t s  near 

t he  current  leads and the  evaporation rate from t h e  source is  general ly  less 

than 10 i/sec. 

I n  t h e  case of Si0 the  rate of deposi t ion was  i n t en t iona l ly  

I f  t h e  boat is a baf f led  type 

0 
M w e  t yp ica l ly  deposit ion rates f o r  MgF2 were about 30 A/sec. 
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Table 3. 
(at room temperature ana 1000 Hz) 

Average values of E *  and E'' for  thin f i b  compared t o  bulk materiala 

Thin Film Average Values a t  Room Temperature Bullk Values 
Material € '  E I' E' f " I 

.49 2 .05 a 
5.0 .l b .3O 2 .04 b e e 
5.4 2 .l 

sio I 
C I M ~ F ~  1 4.84 .c7 f .2 f .l 

a Rate of deposition greater than 30 8/sec. 
b Rate of deposition less than 30 g/sec. 
c Bulk values are not available. 
d Thickness less  than 3200 8. 
e Thickness greater than 3200 8. 
f H. Graenecher, Helvetiea Physica Acta 24, 619 (1951). 
g K. V, Rao and A. Smkula, J. Awl phys7-37, 319 (1966). 
h R. C. Veast, Editor, Handbook of Chemist= and Physics, 47th Edition, The 

Chemical Rubber Company, Cleveznd, Ohio, E 5 q l m  
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b. Dc voltage-current-temperature cha rac t e r i s r i c s .  

i 

r 

7 

s 

Figure 16 shows the current  densi ty  as a function of  the applied 

voltage fo r  each of the materials a t  low and high temperatures (no low temperature 

data  has yet  been obtained on Teflon). 

exhibited by SiO, CeO2 and CeF3, whereas MgF2 and CaF2 are only mildly temperature 

dependent. 

at  a given voltage,  has varied by about four orders of magnitude. 

t u r e  in sens i t i v i ty  is always the same. Sometimes the current  a t  a given voltage 

decreases s l i g h t l y  with increasing temperature, which is d i f f e ren t  from the 

cwves of Fig. 16c. 

Strong temperature dependencies are 

The magnitude of t he  current  densi ty  i n  MgF2 among d i f f e r e n t  capacitors; 

Y e t  the  tempera- 

Figure 17 contains curves of current  densi ty  vs. inverse absolute temperature 

a t  constant voltage (10 v o l t s  fo r  a l l  curves except t h a t  of CeF3, which is  a t  5 

vo l t s ) .  

segments. Figure 18 contains the S i 0  curves for d i f f e r e n t  values of the voltage. 

The Si0 and Ce02 curves each can be described by t w o  s t r a igh t - l i ne  

It is seen tha t  the s lopes are e s s e n t i a l l y  independent. of the  voltage.' 

values of the  slopes a t  each region and f o r  each voltage are given i n  Table 4. 

Also shown i n  Table 4 are slopes computed from Ce02 data.  

of these slopes i s  s l i g h t  and it i s  not systematic. 

The 

The voltage dependence 

Figure 19 contains the current  densi ty  temperature curves of MgF2 f o r  three 

voltages. Note t h a t  the current  dens i ty  scale is l i n e a r  and t h a t  centigrade 

temperature is plot ted r a the r  than inverse absolute temperature as i n  Fig. 17. 

Up t o  about -2OOC there  is virfxal ly  no temperature e f f e c t .  

to a s u f f i c i e n t l y  high temperature t o  determine the  ac t iva t ion  energy a t  the  high 

temperature region. 

It is important t o  note the  widely d i f f e ren t  prebreakdown dc conduction i n  

The data  do not go 

S i 0  and MgF2 i n  comparison t o  the  s i m i l a r i t i e s  i n  the  breakdown conduction of 

the  two materials. It has previously been pointed out3 t h a t  widely d i f f e ren t  
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Table 4, 

capacitor of Fig. 18 and of similar characteristics of an Al-Ce02-Al capacitor. 

Slopes of the cwstant voltage characteristics of the A1-SiO-A1 

Slope i n  high Slope i n  low Trans it ion 
Capacitor Voltage temperature temperature temperature 

region region 
(VI (ev) ( e n  (OC> 

Al-S io-A1 1 370 . 05 430 

J E: .396 

l i j  407 

Al-Ce02-Al 3 z 7 2 

6 13 

8 .14 

9 * 19 

. 052 

027 

-80 

-80 

-..- --LI 

00012 -100 

0033 -100 

.0052 -100 

4 
_ 1  
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prebreakdown conductances i n  S i 0  

thresholds. Further, the s t rong 

43 

capaci tors  could not be correlated t o  breakdown 

temperature dependence o f  prebreakdown conduc- 

t i v i t y  occurs with breakdown thresholds t h a t  are almost temperature independent. ' 

c. Carrier type. 

When dc voltages were applied f o r  long periods t o  an Si0 capaci tor  

(7 v o l t s )  and t o  an MgF2 capaci tor  (10 vo l t s ) ,  the former showed no appreciable 

change i n  the  current  even a f t e r  a week. The l a t t e r ,  however, changed as shown 

i n  Fig. 20. 

period, and then decreased monotonically (but not exponentially) with time. After  

8 days the current  reading was deterzdned by the res i s tance  of the  shunting 

voltmeter r a the r  than by the capacitor.  Neither the  Si0 nor the MgF2 capaci tor  

seemed t o  be damaged by its long e l e c t r i c a l  stress. From these measurements it 

After an i n i t i a l  rise, the  current dropped and then rose f o r  a b r i e f  

is  concluded t h a t  the  conductivity i n  S i 0  is e l ec t ron ic  i n  

duc t iv i ty  i n  MgF2 is of an ion ic  nature. The conductivity 

becomes very small because the  system ceases t o  conduct as 

t o  one s ide  of the d i e l e c t r i c .  

d. Local Conductance, 

I n  preliminary measurements, it has been found 

nature,  while the con- 

i n  MgFz probably 

the ions are swept 

t ha t  there  a r e  loca l  

current  f luc tua t ions  of great magnitude when a biased probe is dragged across a 

d i e l e c t r i c  backed by a counter electrode. 

the regions of high conductance showed them t o  be the  sites of small imperfections 

i n  the fi lms, having diameters of about one micron. No d e t a i l s  could be resolved 

within these small imperfections, so it is not known whether the probe w a s  making 

d i r e c t  meta l l ic  contact with the  lower electrode.  

experiments t o  obtain an adequate descr ip t ion  of the conducting channels and t o  

determine whether these may be correlated t o  forming o r  t o  breakdown. 

Subsequent microscopic examination of 

It 2s planned t o  r e f ine  these 
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2. Breakdown. 

a .  Threshold 

Figure 21 

capaci tors  of each of 
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fo r  the  onset of breakdown. 

shows the  vol tage waveforms when ramps are appl ied t o  

the materials s tudied.  The ramps are continued a f t e r  the  

occurrence of the f i r s t  breakdown so t h a t  many breakdowns occur. 

f igures  i l l u s t r a t e  the  exis tence of a threshold fo r  the  cessa t ion  of  breakdown 

Vmin. 

of  breakdown fo r  successive breakdowns usua l ly  increases  with time. 

o the r  waveforms, successive breakdowns occur a t  e s s e n t i a l l y  the  same vol tage as 

the i n i t i a l  breakdown, 

A l l  o f  the  

However, i n  the  S i0  and the  CaF2 waveforms, the  vol tage fo r  the onset 

I n  the  

I n  measuring the threshold fo r  the  onset of breakdown Vmax, the vol tage of  

the  f i r s t  breakdown i n  a given ramp is used. 

ducible fo r  a wide range of ramp speeds even i n  Si0 and CaF2. 

the temperature dependence of Fmax (Fmax is the  r a t i o  of Vmax t o  the d i e l e c t r i c  

thickness w) f o r  each of the  mater ia l s .  

obtained on Teflon. 

This has been found t o  be repro- 

Figure 22 shows 

Temperature da ta  has not yet  been 

Figure 22 ind ica tes  t he re  is  v i r t u a l l y  no temperature dependence i n  Fmax 

i n  Si0 and i n  MgF2, i n  cont ras t  t o  t h e i r  widely d i f f e r e n t  prebreakdown I-V-T 

c h a r a c t e r i s t i c s  (see 

i n  each of the  o ther  

seem t o  co r re l a t e  i n  

Thus, the  conclusion 

Figs. 18 and 19). 

materials (Teflon was not measured) i s  small and does not 

any way with the  dc I-V-T curves o r  the  impedance data.  

formed i n  the  S i0  study 

The temperature dependence of FmX found 

3 of the  independence of Fmax and 

prebreakdown conduction seems t o  be t r u e  i n  a l l  of the  mater ia l s  studied. 

Figures 23-25 show the  thickness dependence of Fmax. Figures 26-28 show 

the  thickness dependence of Vmax. Figures 23-25 a l s o  contain l i n e s  of slope 

15 -% represent ing the  f i t  of the  da t a  to  the theory of Forlani  and Minnaja. 
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Big. 21, Breakdown waveforms showing the  applied ramp vol tage and 
repeated breakdowns, The vol tages  Vmax and Vmin are indicated,  
(a) §io, (b) MgF2* ( c )  Ce02. (d) CaF2. (e) CeF3" ( f )  Teflon. 
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Fig. 28. 
capacitors. 

Vmax and Vain vs dielectric thickness for CeF3 and Teflon 
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I O'Dwyer's theory13 contains severa l  parameters which a re  chosen t o  give a "best" 

f i t  t o  the  thickness data  (see Table 6 ) .  

b. Threshold f o r  the  cessat ion of  breakdown. 

The existence of t he  threshold for  the  cessa t ion  of breakdown Vmin 

f o r  each of the  materials s tudied has been shown i n  Fig. 21. In  Figs. 26,. 27, 

and 28, where Vmin i s  p lo t ted  f o r  d i f f e ren t  capaci tors  as a function of thick- 

ness, i t  is seen t h a t  Vmin does not vary with thickness of the  d i e l e c t r i c .  For 

a given capaci tor ,  i t  is found t h a t  Vmin and, hence, Fmin (Fmin is the r a t i o  of 

Vmin t o  the d i e l e c t r i c  thickness w) are independent of the temperature. 

is shown i n  Fig. 22. 

has been in te rpre ted  t o  mean t h a t  the  f i e l d  must be inhomogeneous i n  the  con- 

ducting port ion a t  the end of b r e a k d ~ w n , ~  

has again given e s s e n t i a l l y  the  same r e s u l t  as w a s  found i n  SiO. 

This 

The f ac t  t h a t  Vminr and not: Fmin, is thickness independent 

Thus the  da ta  on a va r i e ty  o f  materials 

c. Effect  of ramp speed on Vmax a t  d i f f e ren t  temperatures. 

The threshold f o r  the  onset of breakdown gradually increases as the  

rate of rise of the  applied vol tage increases.  

Sect ion I V ,  t h i s  is believed t o  arise from the  build-up of a space charge i n  

the  d i e l e c t r i c ,  

As i s  discussed fur ther  i n  

The space charge causes the f i e l d  i n  the  d i e l e c t r i c  t o  be 

inhomogeneous. 

One mechanism for  producing 

is through the  motion of ions i n  

(see Section 1V.B). Since ionic  

a space charge i n  ionic  c r y s t a l l i n e  materials 

the  presence of t he  applied e l e c t r i d  f i e l d  

motion is thermally ac t iva ted ,  with an ac t iva-  

t i o n  energy of about 0.1 e V ,  t h i s  motion should be g rea t ly  reduced a t  80°K 

compared t o  i t s  magnitude a t  3OO0I<. 

at about 80°K and a t  room temperature f o r  ramps having d i f f e r e n t  rise rates. 

Results fo r  CaF2 a r e  shown i n  Fig. 29. I f  t he  f i e l d  inhomogeniety were due t o  

ion ic  motion, then a t  the  lower temperature, where there  would be v i r t u a l l y  no 

ionic  motion regardless  of  t he  ramp rise rate, the breakdown voltage would be 

Hence the  breakdown threshold w a s  measured 
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independent o f  the  y a i p  r ise rate. 

motion could occur, riikre ,‘ii would be a rise i n  breakdown voltage with increasing 

A t  the  upper temperature, where the  ion ic  
, f  

+, G 

. . 8  C ’  

rise rate. 

the  curves 

genei ty  is 

processes. 

d. 

Figure 29 .shows the re  is no s ign i f i can t  d i f fe rence  i n  the  shapes of  

a t  low and high temperatures. 

not connected with thenually ac t iva ted  ion ic  charges o r  other  thermal 

Hence, it appears the f i e l d  inhomo- 

Voltage waveforms during breakdown. 

The start  of breakdown conduction is very abrupt according t o  

oscillograms of t he  vol tage waveform (see f ig .  30). 

than 10 nanoseconds, the l i m i t  of r e so lu t ion  of the  recording equipment, the 

conductance i n  the  breakdown s i t e  probably changes by a f ac to r  around lo lo  and 

remains a t  t h i s  value u n t i l  the  vol tage f a l l s  t o ,  o r  near ly  t o  Vmin. 

there  is a break i n  the waveform close t o  Vmin ind ica t ing  a decrease by a f ac to r  

I n  a time t h a t  may be less 

Sometimes 

of 10 t o  100 i n  the  conductance. I f  the  t i m e  constant of t he  ex te rna l  c i r c u i t  

is s u f f i c i e n t l y  small, then appreciable  energy can be fed in to  the  capaci tor  

during the in t e rva l  of breakdown conduction. 

The end of  breakdown is believed t o  occur when the capaci tor  begins t o  charge up 

with a time constant determined by the capacitance of the  capaci tor  (which is 

v i r t u a l l y  unchanged by a s ing le  breakdown) and the ex te rna l  load r e s i s t ance  of 

the charging c i r c u i t  ( the leakage r e s i s t ance  of  the capaci tor  p r i o r  t o  breakdown 

i s  usual ly  la rge  compared t o  the  ex terna l  load res i s tance) .  

I n  our experiments, t h i s  w a s  avoided. 

Breakdown vol tage waveforms have been s tudied i n  severa l  s e r i e s  of A1-SiO-A1 

capaci tors  deposited simultaneously, but of d i f f e r e n t  areas (see Fig. 7 f o r  the  

capaci tor  configurations).  From these waveforms the  t i m e  constant during the  

breakdown is computed. I f  the  capacitance is measured, then the  r e s i s t ance  

during breakdown can be computed. 

and Vmin. 

The waveform determines the  value of Vmax 

Hence the  energy d iss ipa ted  during the  breakdown can be evaluated 
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Fig. 30. Oscillograms showing voltage waveforms of breakdowns i n  
A1-SiO-A1 capacitors.  (a) Sweep r a t e  0.1 psec/cm. (b) Sweep r a t e  
1 psec/cm. 
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from the r e l a t i o n  1 %  
i This assumes there  is no energy added from t h e  ex terna l  c i r c u i t  during the  

breakdown. 

(see Fig. 31) wherein both the outer  diameter and the  s ize  of the  cen t r a l  area 

of des t ruc t ion  have been measured. 

Microscopic examination of the  breakdown sites have been made 

Measurements on a set of capaci tors  simultaneously deposited are summarized 

i n  Table 5. 

4.08 ?r .02) x lo3 8. 
were taken with a ramp rise r a t e  of 3 x 10 V/sec. 

The capaci tors  a r e  Al-SiO-A1 with a d i e l e c t r i c  thickness of 

Ac measurements were a t  1000 Hz and breakdown measurements 

4 Column 1 i d e n t i f i e s  each 

capaci tor  with a number, Column 2 gives the  p l a t e  area A, Column 3 t he  capaci- 

tance C,  Column 4 t he  d i s s ipa t ion  f ac to r  D ,  Column 5 the  capacitance per un i t  

a rea  C/A, Column 6 the  res i s tance  i n  the  charging c i r c u i t  Rex, Column 7 t he  

time constant of the  charging c i r c u i t  p r io r  t o  the onset of breakdown Tp ,  

Column 8 the  time At  for t h e  vol tage t o  f a l l  from Vmax t o  Vmin, Column 9 the 

value of Vmax, Column 10 the  value of Vmin, Column 11 the t i m e  constant during 

breakdown conduction Tb, Column 12 the res i s tance  of the  capaci tor  during 

breakdown Rb, Column 13 the  outs ide diameter OD of individual  breakdown s i t e s ,  

Column 14 the  diameter of the  c e n t r a l  CT) region of complete des t ruc t ion  of a 

breakdown, Column 15 the r a t i o  of the area of the  cen t r a l  region of complete 

des t ruc t ion  t o  the  e n t i r e  area of a s ing le  breakdown Ac/AB, and Column 16 the  

average energy AW diss ipa ted  i n  a s ing le  breakdown. 

Figure 32 displays da ta  from Table 5 i n  a graphical  form. Where e r r o r  bars 

are not shown, the  experimental uncertainty is within t h e  circle o r  t r i a n g l e  

about the p lo t ted  point. Figure 32a shows t h a t  the capacitance va r i e s  l i n e a r l y  

with a rea  A, thus ind ica t ing  t h a t  the average d i e l e c t r i c  thickness and the 

average of the  real p a r t  of the  d i e l e c t r i c  constant is the  same f o r  a l l  of the 
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Fig. 31- 
but of different electrode areas. The central region of destruction 
remains about the same in size as the plate area increases. 
outer diameter of the breakdown increases as the plate area increases, 
The photographs are ordered according to increasing plate areas in going 
from a to f. Relevant numerical data are given in Table 5 .  

Photographs of breakdowns of capacitors simultaneously deposited, 

However, the 
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Table 5. 
taneously deposited A l -  i o - A 1  capacitors (Thickness:: (4.08 2 .02) 1d fi, Breakdown charac te r i s t ics  as a function of capacitor area i n  i m u l -  

R E U B ~  rise ra te :  3 x 10 f V/sec). 

1 2 3 4 .  5 6 
Rex "/". (Ohms) 

Cap. No. Area C D 
(cm 2) (F) F cm 

4 1 .064 0.773 x .068 12.1 x lo" 2 x 10 

2 45 5 920 a 4 4  13.1 2 

3 65 8.163 .036 12.6 2 

4 1.11 14.50 ,060 13.1 *5 

5 3.23 40.91 .051 12.7 *5  

6 6.68 85.90 b o 5 0  U e 8  95 

7 8 9 10 11 
At V,, Vmin 'b 

P (sec) (Volts ) (Volts) (sec) (sec) 
Cap. No. a 

1 16 x lom6 ( ,046 2 ,002) x lo-' 81 5 1 15 2 2 ( 1.2 2 .l) xlO-7 

2 1x9 ( .06 2 .ox> 51 2 1 1 4  2 2 ( 2.4 2 -7) 

3 161 ( -05 -01) 49.5 $ .4 1 4  2 2 ( 2.3 k .6) 

4 73 ( .10 2 .02) 53 f 1 1 4  2 2 ( 3.3 1: .9) 
+ 5 205 ( -80 2 .02 38.2 f .3 15 2 2 (23. .. 3 ) 

6 428 (1.10 5 .04) 38.1 2 .6 15 2 2 (35 t 5 ) 

3.2 13 14 15 16 
44 
(J) 

0.D. C .De AC/AB 
(Microns ) (Microns ) 

Cap. No. Rb 
(ohms ) 

-4 2 *l 2.4 xW6 1 ( 1.6 2 .2) x LO2 20 z 3 13 -I: 1 

2 ( .4 2 .1) x lo2 42 2 6 27 2 1 04 t .1 '7.1 

3 (28 -1 8 ) x 10' 4 1  ?; 1 27 t; 2 .45 2 .08 9.4 

4 (23 2 6 x 10' 4 1  2 2 20 3 3 .25 2 .08 20 

5 (51 ? 6 ) x 10' 95 i 4 43 f 4 .21 -1 .07 26 

6 (41  t 6 ) x l O '  10851 34 ? 2 .og8 2 .003 54 
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Fig. 32. 

area A.  (b) Time constant Tb during breakdown vs A.  (c) Resistance 

Comparison of breakdowns i n  A1-SiO-A1 capacitors simulta- 
neously deposited of d i f f e ren t  p l a t e  areas. Die lec t r ic  thickness 
i s  (4.08 ? .02) (a) Capacitance C and d iss ipa t ion  f ac to r  D vs . 
during breakdown Rb VS A. 
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capacitors.  The d i s s ipa t ion  

tors .  Figure 32b shows t h a t  

the  r e l a t i o n  -q, = A t  
Vmax 

In v,i, 

fac tor  is very nearly the  same fo r  a l l  s i x  cdpacie 

the  t i m e  constant during breakdown (computed from 

var ies  l i n e a r l y  with A. Figure 32c ind ica tes  t h a t  

t he  res i s tance  during breakdown ?+, (Rb i s  defined as Tb/C)  i s  about 40 ohms 

f o r  a l l  capaci tors  but the smallest one. 

very high value of Vmax, has a res i s tance  of about 160 ohms. 

The smallest one, which also has a 

Figure 33 continues the  ana lys i s  of the  areal comparison. In  Fig. 33a 

there  is  a s ign i f i can t  rise i n  Vmax as the  area becomes smaller. 

Vmin, however, are independent of capaci tor  area. 

s i z e  of a breakdown tends t o  increase with area, but the region of high destruc- 

t i o n  i n  the center  increases i n  s i z e  more slowly than does the outer  region. 

Figure 33c indicates  the  energy d iss ipa ted  i n  a breakdown increases approximately 

as the  capaci tor  area, but there  are deviat ions for  s m a l l  capaci tors  because of 

the  high value of Vmax f o r  these. 

indicates  t h a t  the  cen t r a l  region of des t ruc t ion  becomes a smaller and smaller 

pa r t  of the  average breakdown s i t e  as capaci tor  area (and capaci tor  energy) 

increases. 

The values of 

Figure 33b shows t h a t  the 

Fina1l.y i n  Fig. 33d the  areal r a t i o  A c / A B  

It is concluded from the  above t h a t  the cen t r a l  region of a breawown plays 

a more basic  r o l e  i n  breakdown conduction than does the  outer  region. It is  

very tempting t o  assoc ia te  the  major aspects  of breakdown conduction with t h i s  

c e n t r a l  region, i.e., the  rapid onset of  breakdown conduction, the constancy of 

the  res i s tance  during breakdown and the  constant value of V This in te rpre-  

t a t i o n  is strengthened by the  r e s u l t s  of t he  spectrographic study and of the 

topography of breakdowns (see Sections 111.13 and 1 I I . C ) .  

min' 

The higher values of Vmax fo r  t he  very small capaci tors  i s  not understood. 

The obvious explanation t h a t  there  are few weak spots  because t h e  area is s m a l l  
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Fig. 33. 
(a) 
sites vs A. 
of the central region t o  the total breakdown area &/Ab vs A. 

Continuation of the areal comparisons started in Fig. 32. 
Vm,, and V d n  vs A. (b) Outside and central diameters of breakdown 

(e) Energy dissipated per breakdown vs A. (d) Areal ratio 
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does not s e e m  t o  hold up t o  c lose  examination, 

Vmax i s  cons is ten t  i n  value, there  are breakdowns spaced much c lose r  than the 

l i n e a r  dimensions of the  smallest capac i tor  of the areal study. Hence, it is 

d i f f i c u l t  t o  understand the  absence of the  low threshold breakdowns i n  small area 

capaci tors .  

capaci tors  of small p l a t e  area has been observed repeatedly.  

B. OPTICAL SPECTROSCOPY OF BREAKDOWNS 

I n  l a rge r  capaci tors ,  where 

It should be noted, however, t h a t  t he  higher values of Vmax fo r  

1. Spectra. 

Spectrographic s tud ie s  have been concentrated on Al-SiO-A1 capaci tors ,  

but some tests have been made with Al-SiO-Cu and Al-SiO-Ni capaci tors .  

capaci tor  area w a s  0.24 cm . 
the  same set of l i n e s  as are found in the  arc spec t ra  of the  materials involved. 

Thus l i n e s  of A 1  and S i ,  o f  A l ,  S i  and Cu, and of A l ,  S i ,  and N i  are found i n  

the  cases mentioned above. (No l i n e s  of oxygen were observed, brrt t h i s  is 

probably because oxygen has no s t rong l i n e s  i n  the  region between 2000 2 and 

4500 A where our measurements were made.) Figure 10 is a t r ac ing  of the 

spectrum observed from breakdobms i n  A1-SiO-A1 capaci tors .  

wavelengths, t he  element emit t ing each l i n e ,  and the  ion iza t ion  state of the  

emit t ing atom o r  ion, Most of the  l i n e s  a r i s e  from s ing ly  ionized atoms, but 

some o r ig ina t e  from both neu t r a l s  and doubly ionized atoms. 

where d i f f e r e n t  e lec t rode  materials were used i n  a s ing le  capaci tor ,  the  spec t ra  

of both materials were obtained i n  every breakdown regardless  of the  polar i ty .  

It is s ign i f i can t  t o  recall t h a t  t he re  is very l i t t l e  continuous s p e c t r a l  

The 

I n  every case, l i n e  spec t ra  are observed with 2 

0 

Table 2 l ists  the 

I n  those cases 

background, The presence of the l i n e  spec t ra  and the  lack of t he  continuous 

background indica te  the  emit t ing atoms were i n  a gaseous or  plasma state during 

emission. Further,  they were highly exci ted s ince  the r ad ia t ion  is  s t rong  i n  

the  u l t r av io l e t .  
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2. Time-resolved spectroscopy. 

Waveforms of t h e  l i g h t  emitted by electrode atoms and by d i e l e c t r i c  

atoms i n  various s tages  of  ion iza t ion  were examined and r e l a t ed  t o  the  voltage 

waveform. Waveforms are shown i n  Figs. 12, 34  and 35. The conclusions reached 

upon study of  the l i g h t  and vol tage waveforms are here l i s t e d .  

i. Pr ior  t o  the  onset of breakdown, as indicated by the  voltage waveform, 

there  is  no l i g h t  emission. Thus the  l i g h t  emission is  not an ordinary 

electroluminescent e f f ec t .  

a r e l a t i v e l y  continuous spectrum. lgY 2o 

Electroluminescence is normally character ized by 

Destruction does not accompany 

electroluminescence. 

ii. The waveforms of a l l  the spec t r a l  l i n e s  are about the same. No 

dist inguishing cha rac t e r i s t i c s  have been found t o  iden t i fy  the  o r ig in  of a 

l i n e  from i ts  waveform. (The r ise t i m e s  of the S i  l i n e s  appear t o  be very 

s l i g h t l y  f a s t e r  than the  r i s e  t i m e s  of the A 1  l ines . )  

iii. Light output,  fo r  a l l  l i nes ,  starts when the  voltage waveform indicates  

breakdown conduction has s t a r t ed .  

iv. The l i g h t  output rises rap id ly  during the  t i m e  t h a t  the  voltage is 

f a l l i n g  rapidly.  However, there  are indicat ions t h a t  the  l i g h t  occurs i n  bursts  

during t h i s  rise (see Fig. 34 and the  discussion below). The rise t i m e  is about 

30 nanoseconds. 

v, The l i g h t  i n t ens i ty  f a l l s  o f f  gradually,  reaching a value about 0.1 

of its peak in t ens i ty  a f t e r  about 5 psec from the  s ta r t  of  the  breakdown. 

The in t ens i ty  does not f a l l  t o  zero f o r  perhaps another 50 ysec. This pa t t e rn  

corresponds roughly t o  t h a t  of the  voltage waveform. The abrupt drop i n  the 

voltage i n i t i a l l y  t o  a value severa l  v o l t s  away from Vmin is followed by a 

r e l a t i v e l y  slow approach t o  Vmin. 

v i .  The l i g h t  output has the  same spectral d i s t r i b u t i o n  and in t ens i ty  
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Fig. 34. Light intensity and voltage waveforms from breakdown in A1-SfO-A1 
capacitors showing the bursts of light during ghe rapidly rising portion of 
the light intensity signal (A1 line, X = 3961 A). 
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Fig.  35. Light i n t e n s i t y  and vol tage waveforms e ~ t t e d  by a l u i  
atoms i n  two s t a t e s  of ionizat ion.  
(b) Singly ionized atoms, X = 3961 8. 

(a) Neutral  atoms, h = 2570 A. 
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c\ d i s t r i b u t i o n  when the  p o l a r i t y  i s  reversed. 

and from the d i e l e c t r i c  appears from the  very beginning of the breakdown 

Thus l i g h t  from both electrodes 

regardless  of  t he  polar i ty .  

v i i .  By measuring the  area under the l i g h t  waveforms and using the  known 

geometry of the  system, it is  estimated t h a t  about 10 

needed t o  account fo r  t he  t o t a l  l i g h t  output a t  a s ing le  wavelength during the  

f i r s t  5 psec of a breakdown. 

7 decays of exc i t a t ion  are 

This corresponds t o  an average decay rate of about 

2 x 1012 decays per second and a peak decay rate of about 2 x decays per 

second. With the  assumption t h a t  the c e n t r a l  area of des t ruc t ion  is  completely 

converted i n t o  a plasma, it is estimated t h a t  l i g h t  emission occurs from about 

0.1% of the atoms i n  the plasma. 

Examination of the l i g h t  waveforms reveals ,  f o r  some breakdowns, a 

modulation i n  the  in t ens i ty  during the  i n i t i a l  r i s i n g  port ion (see Fig. 3 4 ) .  

This means there  has been a burst  of  l i g h t  followed by shor t  period where the  

exc i t a t ion  decays, then another burst  and another decay period, and so for th .  

(The decay t i m e  is of the  order of 10'' t o  10"' sec  for  s t rong spec t r a l  l i n e s  

i n  the  ultraviolet .21) 

burs t s  . 
I n  a given rise there  may be as many as ha l f  a dozen 

The r e l a t i v e l y  slow f a l l  o f f  of the  l i g h t  i n t ens i ty  a f t e r  i t s  peak seems 

somewhat i n  contradict ion t o  the  abrupt change i n  s lope seen i n  the voltage 

waveform a t  the  end of t h e  i n i t i a l  rapid drop i n  voltage. This slow f a l l  o f f  

cannot be explained by the  t i m e  required fo r  decay from a n  excited state because 

such decay occurs about two order of magnitudes too rapidly.  A possible  

explanation of  t he  long t a i l  is t h a t  it is due t o  the  time it takes fo r  recombi- 

nat ion of an e l ec t ron  and an ion t o  form an exci ted neu t r a l  o r  an exci ted ion 

having less ionizat ion.  From Table 2 it is  seen t h a t  most of t he  observed l i nes  

are from s ingly  ionized atoms, and j u s t  a few a r e  from doubly ionized o r  neut ra l  
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atoms. 

of t he  neut ra l  atoms rise r e l a t i v e l y  slowly and f a l l  r e l a t i v e l y  slowly compared 

with the  waveforms of the  ionic  spectral l ines .  

the  two cases. It i s  seen t h a t  the  shapes are about t he  same and, hence, 

recombination is not the  l imi t ing  process. Thus, there  must be a continuous 

generation o f  exci ted neut ra l s  and ions throughout t he  i n t e r v a l  t h a t  l i g h t  is 

emitted . 

I f  recombination t i m e  is s ign i f i can t ,  then the  waveforms of the l ines  

Figure 35 shows waveforms fo r  

The spectroscopic s tud ies  ind ica te  there  is a plasma phase t h a t  starts 

This is believed t o  be the a t  the  very beginning o f  breakdown conduction. 

most important aspect of breakdown conduction. Thus, theories  fo r  the  onset 

of breakdown should explain how the  plasma s ta te  is i n i t i a t e d .  Conduction 

during the  f i r s t  pa r t  of breakdown (while the  voltage is  f a l l i n g  rapidly) i s  

believed t o  be primarily through t h i s  plasma. 

of the  rap id ly  expanding plasma. 

Hence, the  conductance i s  t h a t  

A number of secondary e f f e c t s  influence t h i s  

conductance. These w i l l  be discussed fu r the r  i n  Section V I .  

C. OPTICAL MICROSCOPY AND OTHER MEASUREMENTS. 

1. Optical  Microscopy. 
c 

Optical  examination of breakdowns reveals a v a r i e t y  of pa t t e rns l s3 , '  s9 

t ha t  seem t o  depend on the  d i e l e c t r i c  material and i ts  thickness,  the conductance 

of the electrodes,  t he  e l e c t r i c a l  behavior of the  d ie lec t r ic -e lec t rode  in te r face ,  

the  mechanical bond between the  d i e l e c t r i c  and the  electrodes,  the energy 

ava i lab le  f o r  breakdown (which is a function of the s tored energy of the  

capaci tor  a t  the  t i m e  of breakdown and of the  a b i l i t y  of the ex terna l  c i r c u i t  

t o  supply energy during the  t i m e  of breakdown conduction), and the  po la r i ty  of 

the  applied voltage.  

Most breakdowns 

c e n t r a l  region where 

have three  f a i r l y  d i s t i n c t  topographic features:  a 

there  i s  complete des t ruc t ion  of the  d i e l e c t r i c  and of 
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c e n t r i c  region 
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(except when the  electrodes a r e  made abnormally th ick) ;  a con- 

where the  electrode damage is severe,  but t he  d i e l e c t r i c  is 

e s s e n t i a l l y  i n t a c t ;  and a terminating outer  edge where there  may be damage t o  

the  electrodes and the  d i e l e c t r i c .  

dist inguished i f  the  subs t r a t e  is  examined a f t e r  scraping the  capaci tor  away 

with a well-honed razor blade. 

found (see Fig. 35) indicat ing t h a t  these  regions were ho t t e r  than the in t e r -  

mediate region. 

The cen t r a l  and outer  edge are fur ther  

An etched imprint of these two regions is 

The presence of extreme conditions is fur ther  emphasized i n  the  breakdown 

shown i n  Fig. 36a. This occurred i n  a capaci tor  with a very th i ck  bottom 

electrode of copper evaporated onto a g l a s s  subs t r a t e  t o  a depth of severa l  

microns, followed by a 2000 A-layer of SiO, and f i n a l l y  a 1000 A-layer of 

aluminum. (This configuration was chosen so t h a t  t h e  capaci tor  could be 

examined fo r  the  d i s t r i b u t i o n  of s i l i c o n  a f t e r  breakdown using an x-ray micro- 

probe, The th i ck  bottom layer  of copper shielded the  s i l icon-containing g l a s s  

subs t ra te  from the  e lec t ron  beam of the  microprobe.) 

p lo t  of surface height as a function of d i s tance  along a diameter of the  break- 

down of Fig. 3Ga. 

t i m e s  the  d i e l e c t r i c  thickness. Around t h i s  cen t r a l  region is a mound of material 

a l s o  many t i m e s  t he  thickness of t he  d i e l e c t r i c ,  The r e su l t i ng  e f f e c t  is the 

same as when a high ve loc i ty  p r o j e c t i l e  s t r i k e s  a material which deforms as  a 

f lu id .  

local ized a t  the  center  of t he  breakdown gives fu r the r  support t o  the  hypothesis 

of a high pressure plasma i n  t h i s  region during breakdown. 

0 0 

Figure 36b contains a 

The c e n t r a l  region i s  permanently deformed t o  a depth many 

22 
This evidence of a very high pressure and high temperature region 

It has been shown i n  Section 111.~ t h a t  the cen t r a l  sec t ion  of a breakdown 

tends t o  be of constant s i z e  even when the  outs ide diameter increases accompany- 

ing increases i n  the  capaci tor  p l a t e  area.  In  attempting t o  understand the 
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Fig. 35.  Etch pa t -z rn  l e f t  on g lass  subs t ra te  a t e r  breL,,Lam i n  an 
A 1 - S i O - A 1  capaci tor .  
a well-honed razor blade. 

The capaci tor  mater ia l  has been scraped away using 
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Fig. 36. 
of copper (about 3 microns). 
sec t ion  through t h e  breakdown along a diameter. 

Breakdown i n  a Cu-SiO-A1 capac i tor  having a t h i c k  lower electrode 
(a) Breakdown s i t e .  (b) Topograph of a 
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. configuration of breakdown pa t te rns ,  it is necessary t o  account f o r  the  in t e r -  

mediate and outer  edge configurations.  A s  t he  high dens i ty  plasma expands 

from the  c e n t r a l  region it t r a v e l s  over the  surface of the  capaci tor  and both 

heats  and erodes the  upper e lectrode.  

conductance, while erosion might w e l l  cut  o f f  the  d i r e c t  conducting path along 

the  electrode surface t o  the  c e n t r a l  plasma-fil led hole. 

occur through the  expanding plasma and i ts  contact region a t  the  top electrode,  

but at higher res i s tance .  

a th i ck  layer  of e lectrode material t o  p i l e  up and form the  edge of the  break- 

down, or  i f  t h i s  edge is formed i n  some other  fashion. 

symmetry of some breakdowns which have t o  develop i n  the  geometric shadow of 

previous breakdowns (see Fig. 37) i s  consis tent  with a b l a s t  e f f e c t .  However, 

the  unusual heating t h a t  occurs a t  the  edge suggests secondary plasma e f f e c t s  

occur i n  t h i s  region. 

Heating should increase the  l o c a l  

Conduction could s t i l l  

It i s  d i f f i c u l t  t o  say whether the  b l a s t  can cause 

It seems t h a t  t he  r a d i a l  

Figure 36 shows some breakdowns of a widely d i f f e r e n t  nature.  Each 

successive r ing  represents  a new breakdown. 

at a point,  but r a the r  along the  edge of the  previous breakdown. The uniformity 

i n  the  thickness of the successive breakdown r ings ind ica tes  t h a t  each breakdown 

nucleates  almost simultaneously along the  edge of t he  previous breakdown. 

should be noted t h a t  there  is  s t i l l  an aspect of competition involved f o r  many 

concentric r ing  pa t te rns  develop simultaneously as the  capaci tor  is subjected 

repeatedly t o  ramps, 

Al-CaF2-Al capacitors.  

capaci tors  (we have a l s o  seen them i n  A1-SiO-A1 capaci tors ,  but not frequently 

and not so well-developed as i n  the  A1-CaFz-Al capaci tors) .  Figure 38b shows 

the  pa t te rn  etched in to  the  g l a s s  subs t r a t e  when the  capaci tor  has been scraped 

away a f t e r  breakdown t e s t s .  The etched regions are believed t o  be the si tes of  

Thus the  breakdowns do not o r ig ina t e  

It 

The p ic tures  i n  Figs. 3Ca and 3Cb are of breakdowns i n  

Klein, Gafni, and David' show similar ones fo r  A1-SiO-A1 
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Fig. 37. 
of the breakdowns. Each "flower" represents a breakdown. 

Repeated breakdowns i n  A 1 - S i O - A 1  i l l u s t r a t i n g  the  r a d i a l  symmetry 
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Fig. 38. Concentric breakdowns i n  Al-CaF2-Al capaci tors .  Each r ing  i s  
due t o  a s ing le  breakdown produced using a ramp applied voltage.  
( a )  Concentric breakdowns seen with r e f l ec t ed  l i g h t .  (b)  Etch pa t te rns  
l e f t  on the  g l a s s  subs t ra te  by concentric breakdowns. 
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, l oca l  plasma act ion.  Concentric breakdowns have not been observed i n  the  

other  materials of t h i s  study. 

2. X-ray d i f f r ac t ion .  

X-ray d i f f r a c t i o n  of the  c r y s t a l l i n e  materials CaF2, MgF2, and CeO2 

after deposit ion of the  fi lms y ie lds  the  c h a r a c t e r i s t i c  powder pa t te rns  with 

no indicat ions of  spec ia l  o r i en ta t ion  e f f ec t s .  Bowever, the specimens are 

prepared f o r  d i f f r a c t i o n  by scraping the  fi lms from the  subs t ra tes .  

each p a r t i c l e  is i n  the  form of a s m a l l  f l a t  chip. If  there  were s t rong pre- 

fe r red  or ien ta t ion ,  it would probably show because the  chips would tend t o  be 

parallel i n  the sample. 

grains.  

This means 

There is a broadening of t he  l i n e s  indicat ing small 

However, no quant i ta t ive  evaluations have been made t o  da te  of the  

gra in  s i z e .  

capacitors.  

but extensive tests seeking these  have not been made. 

Crys ta l l ine  s i l i c o n  was found as a breakdown res idua l  i n  A1-SiO-A1 
3 No other  unusual res idua ls  have been found i n  the other  materials, 

3, X-ray microprobe, 

Capacitors with a very th i ck  bottom layer  of copper (3-5 microns), an 

Si0 layer  of several thousand angstroms, and a top aluminum layer  of about a 

thousand angstroms were brolcen down and examined with an x-ray microprobe. 

a t t e m p t  w a s  made t o  loca te  the  s m a l l  regions t h a t  were ident i f ied  i n  the  e lec t ron  

microscope as nucleation centers  for  breakdowns . 3  

of the  probe is  about 1 micron and the  c i r c l e  of confusion is probably twice 

t h i s ,  so it is not surpr i s ing  t h a t  t h e  beam could not d i s t inguish  inhomogeneities 

of 0.5 microns diameter when these were not chemically d i f f e ren t  from the  sur- 

rounding material. I n  the  breakdown regions some inhomogeneity w a s  found. 

Higher concentrations of aluminum corresponded with the  shape of folded-back 

portions of t he  upper e lectrode.  

the centers  and edges of the  breakdowns. The higher s i l i c o n  concentration near 

An 

However, the beam diameter 

There w a s  a l s o  an enhancement of s i l i c o n  a t  
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5 the edge is not believed to correspond to a folding back of Si0 
I 

conceivably be attached to the aluminum) since this enhancement 

and does not duplicate the ragged edges of the folded-back aluminum. 

(which could 

i s  more circular 

The electron microprobe did not give much information in the limited time 

it was used. 

on the ultimate distribution of the capacitor constituents after breakdown. 

Perhaps a more extensive program would have yielded fresh insights 
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IV. THEORY OF TBE FIELD DTSTPJBUTIOB WITHIN THE DIELECTRIC 

An understanding of t he  onset of breakdown depends on a knowledge of t h e  

O'Dwyer 23 has f i e l d  d i s t r ibu t ion  through the  d i e l e c t r i c  p r i o r  t o  breakdown. 

attempted t o  construct  a one-dimensional model t h a t  includes f i e l d  o r  Schottky 

emission a t  the  cathode, t he  condition of current  cont inui ty ,  a system of t raps  

t h a t  gives rise t o  space charge, and a conductivity condition f o r  t h e  bulk current  

t h a t  contains parameters descr ip t ive  of t he  breakdown process. 

there  is a space charge d i s t r i b u t i o n  and hence t h e  f i e l d  i n  the  d i e l e c t r i c  is  

inhomogeneous. 

bution exp l i c i t l y .  O'Dwyer f u r the r  emphasizes the  inhomogeneity of the  electric 

f i e l d  i n  h i s  recent  treatment of the  conditions f o r  t he  onset of breakdown. 

O'Dwyer ind ica tes  

H e  does not give the  f i e l d  d i s t r i b u t i o n  o r  t h e  space charge d i s t r i -  

13 

As w i l l  be demonstrated shor t ly ,  there  is an inhomogeneity within the  d i e l e c t r i c  

whenever local ized processes go a t  d i f f e ren t  rates for t he  same f i e l d .  

t he  current  depends both on electrode emission and bulk conduction cha rac t e r i s t i c s ,  

there  is bound t o  be  an inhomogeneous f i e l d  and, hence, a space charge within the 

d i e l e c t r i c .  

a charge per u n i t  area of f r l o c a t e d  near t he  cathode, then the  f i e l d  i n  the  region 

between the  cathode and the  charge shee t  would be increased by the  amount ~ Z E ,  

while the  f i e l d  between the  anode and the  charge sheet  would decrease by the same 

amount. 

than without t he  space charge, while t h e  bulk-limited cur ren t  would be decreased 

r e l a t i v e  t o  i t s  value without the  space charge. Thus the  space charge provides 

t h e  balancing s t r u c t u r e  t o  maintain constant current .  

Thus, i f  

I f  t h e  space charge consisted of a sheet  of pos i t i ve  charge, having 

Thus f i e l d  emission a t  the  cathode would become r e l a t i v e l y  more favorable 

The treatment t h a t  follows f a l l s  i n t a  two d i s t i n c t  p a r t s ,  The f i r s t  employs 

the  condition of cur ren t  cont inut i ty  and examines the  degree of inhomogeneitv of 

f i e l d  required i f  t he  in jec ted  current  a t  the cathode is  t o  equal the  bulk- 

l imited current .  (This ana lys i s  is  the  work of P. 3 .  Hayes.) The second p a r t  

examines the  E i e l d  inhomogeneity t h a t  arises when the  cur ren t  is  negl igibly small, 
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> y e t  t he re  is some mobili ty of carriers. This might be the  case i n  th ick  specimens 

having ion ic  conduction. (T'ne second p a r t  is  the  work of J. L. Smith.) 

A. FIELD INHOMOGENEITY DUE TO COMBINED ELECTRODE AND BULK PROCESSES. 

1. Review 

Some proper t ies  of both prebreakdown and breakdown conduction are 

suggestive of a s p a t i a l l y  inhomogeneous f i e l d  d i s t r ibu t ion  through the  d i e l e c t r i c .  

I n  many d i e l e c t r i c s  prebreakdown dc voltage-current-temperature charac te r i s  tltcs 

are not  accurately described by any of the  " w e l l  understood" conduction mechanisms: 

Fowler-Nordheim emission, Schottky emission, Poole-Frenkel e f f e c t ,  o r  space charge 

l imited conduction. I n  measurements on many capaci tors  (Si0 and Ce02) t h e  tempera- 

? 

I 
ture-current cha rac t e r i s t i c s  a t  constant vol tage are more readi ly  in te rpre ted  i n  

j terms of the  above mechanisms than are the current-voltage cha rac t e r i s t i c s  a t  
I 
I 

constant temperature. Thus i n  S i 0  and CeO2 a c h a r a c t e r i s t i c  ac t iva t ion  energy i s  

I found f o r  nearly a l l  capaci tors ,  y e t  the  voltage-current cha rac t e r i s t i c s  may o r  I 

may not  be described by any of t h e  above mechanisms. 

Using a t r iode  arrangement (cathode-grid-plate) , Hickmo t t 24has observed 

3 

i 

0 
a concentration o f  t he  f i e l d  a t  t h e  cathode i n  S i 0  f i lms  of about 600 A thickness. 

The g r id  w a s  150 8 from the  cathode. The high f i e l d  region developed upon repet i -  

tive voltage sweeps. P rac t i ca l ly  a l l  of t he  vol tage drop w a s  near t he  cathode and 

the  f i e l d  a t  the  cathode w a s  a t  least four  times the r a t i o  of the  applied vol tage 

t o  the d i e l e c t r i c  thickness. This gives a lower bound f o r  the  f i e l d  c lose  t o  the  

cathode. 

fashion) simultaneously with an increase i n  the  f i e l d  i n  t h e  cathode region. 

Above a given vol tage the  cur ren t  decreased ( i n  a negative resistance 

I 1  ?i 
Boer, Hansch, and Idhd25*%ave  d i r e c t l y  observed f i e l d  inhomogeneities 

i n  CdS s i n g l e  c r y s t a l s  of 1-2 mm thickness. They found t h a t  the  wavelength of t he  

v i s i b l e  l i g h t  absorption edge was dependent upon the  s i z e  of the  dc  electric 

f i e l d .  Using transmitted l i g h t  with a wavelength a t  t h i s  threshold of transmission 

they viewed the  region between electrodes while applying voltages.  With vol tage 
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r- of s u f f i c i e n t  magnitude a darkened region appeared which moved toward the  cathode 

upon fu r the r  increase i n  voltage.  

darkened region generally s t ab i l i zed .  Bger and Adirowitsch in te rpre ted  the 

darkened region as one of high f i e l d  s t rength  relative t o  the adjacent  areas. 

f i e l d  on the  cathode s i d e  of t h e  darkening w a s  thought t o  be g rea t e r  than t h a t  on 

the  anode s ide.  

in te rpre ted  t o  occur when the  f i e l d  a t  the  cathode is s u f f i c i e n t l y  high so t h a t  

tunnelling current  from the  cathode equals the  bulk generated current .  

pointed out  t h a t  t he  darkened region generally appears a t  voltages about one order 

of magnitude below the breakdown voltage.  

A t  a distance very c lose  t o  the  cathode t h e  

26 27 

The 

The stopping of the  darkened region i n  f r o n t  of t h e  cathode was  

It w a s  

O'Dwyer has invest igated the  cont inui ty  of cur ren t  through d i e l e c t r i c s  i R  

H e  assumes the cathode-dielectric prebreakdown*%nd breakdown-onset 13conditions. 

b a r r i e r  is somewhere around 1 eV. I n  the breakdown-onset study, the  f i e l d  at t h e  

cathode, f o r  the  th icker  f i lms,  could be over an order of magnitude greater than 

the f i e l d  a t  the  anode, For thinner fi lms the  f i e l d  va r i a t ion  w a s  not so great .  

A recent study by WaxmanPsshows the  metal-dielectr ic  b a r r i e r  f o r  A1-Si0 is 2.7 2 

0.1 e V  and f o r  Au-Si0 is 3.3 3 .0 .1  eV.  I f  these values are assumed as b a r r i e r s ,  

treatments of current  cont inui ty  similar t o  O'Dwyer's would lead t o  even grea te r  

f i e l d  inhomogeneity i n  the  d i e l e c t r i c .  

Several  experimental aspects of breakdown are a l so  ind ica t ive  of f i e l d  

inhomogeneities. 

from the  prebreakdown mechanisms.) 

sensitive, but  reproducible i n  a given capacitor.  

p red ic t  f o r  a new capaci tor  t h e  magnitude or the  sense of the  po la r i ty  e f f ec t .  

(The conduction mechanisms during breakdown are probably d i f f e ren t  

The value of Vmin is found t o  b e  po la r i ty  

However, it is not possible  t o  

3 

Both the  

Also the  

probably 

exis tence of Vmin and i t s  po la r i ty  s e n s i t i v i t y  suggest f i e l d  inhomogeneities. 

s e n s i t i v i t y  of Vmax t o  the  rise t i m e  and the  h i s to ry  of the  capaci tor  is  

r e l a t ed  t o  the  development of critical f i e l d s  within t h e  capacitor.  
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Field Inhomogeneity Required €or  Continuity of the  Iniected and Bulk 

Currents 

Prebreakdown current  dens i t i e s  when the  applied voltage i s  between 1 and 

2 10 v o l t s  are generally of t he  order of 0.1 t o  100 i.tA/cm . 
experimental r e s u l t s  f o r  t he  cathode-dielectric b a r r i e r  (d, about 3 e V  f o r  AI-Si0 

and Au-SiO), i t  is of i n t e r e s t  t o  ca lcu la te  the tunnel current  and Schottky current  

versus f i e l d .  

Assuming Waxman's 

Tunnel current  density is given by 29 

Jt 1 3 . 3 4  - F2 exp (-6.90 x 10 
$1 F 

and Schottky current  densi ty  by 3c 

9 

T T Y  
Js = (2.4 x 107)T2exp x lo4 2 -+ 1.875 

2 where the current  dens i t i e s  are i n  i.tA/cm , F i s  i n  V/cm, $1 is  i n  e V ,  and T is  

i n  OK. 

coef f ic ien t  f o r  e lec t rons  a t  the peak of the  b a r r i e r  is  taken as 0.2. 

of Jt and J, versus f i e l d  and temperature is shown i n  Fig. 39. Very high f i e l d s ,  

i n  t he  range of lo7 V/cm, are necessary t o  produce current  dens i t i e s  of 0.1 t o  

100 uA/cmz. 

A relative d i e l e c t r i c  c a s t a n t  of 5.5 has been assumed and the transmission 
33. 

A p l o t  

. 

Also, f o r  these current  dens i t i e s  the  tunnel l ing mechanism dominates 

7 by about 30 orders of magnitude. A f i e l d  of 10 V/cm is one t o  three orders  of 

magnitude grea te r  than the  value of vol tage 
thickness 

required t o  produce these currents  

experimentally. I f  var ia t ions  i n  the transmission coef f ic ien t  and contact area of 

the cathode are permitted, these represent only s m a l l  per turbat ions of t h e  f i e l d  

because of t he  t remMous  f i e l d  dependence of J,. 

Furthermore, because of the  s t rong f i e l d  dependence, only a small change 

i n  the  f i e l d  would account f o r  t he  whole range of currents  measured from l iqu id  

nitrogen temperature t o  100°C and between 1 and 10 vo l t s .  

voltages,  t he  prebreakdown current  dens i t i e s  are only i n  the  ma/cm2 range, again 

' -  

Even near breakdown 



i 
i Fig. 39. 

barrier of 3 eV. 
Comparison of tunnel  and Schottky current dens i t ies  f o r  a t 

‘i 
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.accounted f o r  by a small change i n  the  f i e l d  i n  J t e  Thus, assuming cur ren ts  are 

evenly d i s t r ibu ted  over t h e  area of the  capaci tor  and the  metal d i e l e c t r i c  b a r r i e r  

is 3 eV,  i t  appears t ha t  throughout a broad range of conduction a high f i e l d  of 

about 10 V/cm is necessary a t  t h e  cathode. ( I f  is chosen t o  be  1.5 e V ,  similar 

r e s u l t s  hold with a high of 4 x l o 6  V/cm a t  t h e  cathode.) 

1 

7 

The above discussion appl ies  spec i f i ca l ly  t o  a s teady state condition. The 

development of a high f i e l d  near t he  cathode would probably requi re  a f i n i t e  t i m e .  

I f  the  breakdown vol tage is measured as the  rate of rise of t he  ramp is  increased 

(while choosing the  c i r c u i t  t i m e  constant s m a l l  compared t o  the  ramp rise t i m e ) ,  

i t  should be  possible  t o  determine t h e  t i m e  t o  develop the  cathode f i e l d .  

Si0 and CeQ2 capaci tors  exhib i t  a s t rong temperature dependence i n  pre- 

breakdown conduction. The ac t iva t ion  energies c$2 are approximately 0.5 e V  and 

0.3 eV,respectively. Such energies may be due t o  trapping l eve l s  o r  t o  r e l a t i v e l y  

deep donor levels i n  the  forbidden gap. 

negl igible  below about -lOO°C. 

t i o n  energy. 

produced by exc i t a t ion  of trapped electrons i s  given by the  Poole-Frenkel equation- 

Thermal exc i t a t ion  from these levels i s  

Further thermal e f f e c t s  are due t o  smaller activa- 

The f i e l d  and temperature dependence of the  bulk cur ren t  density Jb 
72 

). 
9 2  Fzg 

x lo4 - -#- 3.75 - 
T T 

(3) 

where Jb is  I n  pAfcro2, F is  i n  V/cm, T is  i n  OR, and $2 is the  energy i n  e V  of the  

t r a p  below the conduction band of the  dielectric.  

of 5.5 has been used. 

A relative d i e l e c t r i c  constant 

This equation w i l l  be used i n  a computation of bulk f i e l d  

versus cathode f i e l d  w i t h  the  condition of cont inui ty  of current .  With a properly 

chosed value of A, a constant cha rac t e r i s t i c  of t he  d i e l e c t r i c  material, Jb w i l l  

be  i n  the  order of magnitude of the experimentally observed cur ren t  dens i t i e s  

even though i t  does not descr ibe accurately t h e  observed voltage-current-temperature 

data.  ( I f  space-charge-limited conduction33 is  assumed instead of t h e  Poole- 

Frenkel type, both f i e l d s  and cur ren ts  a r e  qua l i t a t ive ly  as described i n  Eq. (31.1 
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For t r a p  depths of 0.3 and 0.5 e V  there  is  negl igibly small trap-to-conduction 

band tunnel l ing except a t  very low temperatures. 32 

The bulk current  dens i ty  Jb is more f i e l d  dependent than the  Schottky 

However, on the  scale of Fig. 39, it appears similar but current  densi ty  Js. 

sh i f t ed  toward higher currents .  

t ive constant A i n  Eq. (3), With At0.42 pA/V-cm, 

o 2  = 0.5 e V ,  and the  requirement t h a t  Jb = Jt, the  curves of Fig. 40 a r e  generated. 

As is expected, the bulk f i e l d  Fb increases over several orders  of magnitude while 

the  cathode-dielectr ic  i n t e r f ace  f i e l d  Ft increases  only s l i g h t l y .  

A i n  Eq. (3) w a s  chosen assuming the  applied voltage gave rise t o  a uniform f i e l d  

within the d i e l e c t r i c .  I f  a f i e l d  enhancement occurs a t  the cathode as suggested, 

then the  bulk f i e l d  i s  smaller and the  value of A should be increased t o  s a t i s f y  

experimental data ,  

upward toward higher values of t he  cathode f i e ld .  

The magnitude of Jb depends upon the  mult ipl ica-  

= 3.0 e V  o r  1.5 eV,  and 

The value of 

With a higher value of A ,  the  curves of Fig. 40 a r e  sh i f t ed  

The -125OC curves i n  Fig. 40 should represent  the  lowest extreme of bulk 

generated current  even though ac tua l  experimental temperatures ranged as low a s  

-193OC. The experimental temperature dependence of current  dens i ty  is  s ign i f  i- 

cant ly  decreased below about -1OOOC. 

temperature dependence the  cathode-interface f i e l d s  should be of the  shape of the  

25OC curve i n  Fig. 40,  

In  d i e l e c t r i c s  which have very l i t t l e  

The v e r t i c a l  locat ion would depend on 0. 

Dependence of the cathode-interface f i e l d  on $1 is  i l l u s t r a t e d  i n  Fig. 40. 

The dependence on 02 is much weaker than the  @1 dependence. 

i n  e i t h e r  f o r  various capaci tors  would r e s u l t  i n  v e r t i c a l  s h i f t s  i n  the curves of 

Fig. 40.  

However, va r i a t ions  

The r a t i o s  of the f i e l d s  Ft/Fb decreases as both f i e l d s  increase.  

a t  lower vol tages  almost a l l  t h e  vol tage drop i s  across  the  cathode-interface. 

Thus 

But at  higher vol tages  

crease i n  vol tage drop 

the  vol tage drop across  the  bulk increases  with l i t t l e  in-  

a t  the  cathode-interface. Such an e f f e c t  should r e s u l t  i n  
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Fig. 40. 
showing the effects of temperature and cathode barrier height 

Cathode field vs bulk field when current density is constant 
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an apparent bulk l imited voltage-current c h a r a c t e r i s t i c  with more f i e l d  dependence 

than the  Poole-Frenkel equation but  approaching it  a t  higher voltages. 

capaci tors  the  f i e l d  dependence is s t ronger  than t h a t  of t h e  Foole-Frenkel. 

I n  CeOZ 

3. Discussion of Inhomogeneous Fields  and Breakdown 

Some general  fea tures  of breakdown are now discussed with respect t o  a 

possible  c r i t e r i o n  t h a t  s t rong cathode f i e l d s  are necessary f o r  breakdown. 

The temperature dependence would be expected t o  vary with the  pr inc ipa l  

conduction mechanism i n  the  bulk. 

mechanism the  curves of Fig. &Ishow tha t  t o  obtain a given f i e l d  a t  the  cathode, 

higher bulk f i e l d s  must be applied f o r  lower temperatures. 

f i e l d  a t  the  cathode is necessary f o r  breakdown, the  experimentally measured break- 

down voltage w i l l  increase as the  temperature decreases. 

w i l l  be much smaller near the  r i g h t  s ide  of the graph (Fig.40) and even disappear 

a t  the  extreme r i g h t  s i d e  where the trapping b a r r i e r s  are nearly reduced t o  zero 

by the  bulk f i e l d .  

For thermal exc i t a t ion  by the  Poole-Frenkel 

Thus, i f  a cr i t ical  

The temperature dependence 

Conduction during breakdown may be completely d i f f e r e n t  from prebreakdown 

conduction, 

'min 

the  cathode f a l l s  t o  a minimum value necessary t o  sus t a in  the breakdown. 

of the  concentration of t he  f i e l d  within a s m a l l  region Xo near the  cathode t h i s  

w i l l  appear experimentally as a constant voltage r a the r  than as a constant f i e l d .  

Depending on the  dielectr ic-metal  in te r faces  the  high f i e l d  region Xo, though 

q u i t e  small relative t o  the  d i e l e c t r i c  thickness d ,  may vary with po la r i ty  and a l s o  

from one capaci tor  t o  another. 

from one capaci tor  t o  another but would be constant f o r  a given po la r i ty  of a 

However, a high f i e l d  a t  the  cathode could explain the  exis tence of 

Assuming the  breakdown has been i n i t i a t e d ,  i t  continues u n t i l  t h e  f i e l d  a t  

Because 

Thus the vol tage Vmin could vary with po la r i ty  and 

given capacitor,  3 I f  Vmin were simply a voltage required t o  produce ion iza t ion  

i n  the d i e l e c t r i c  ( t o  sus t a in  t h e  breakdown) i t  should be constant f o r  a given 

material and should show no po la r i ty  e f f e c t s ,  contrary t o  observation. 
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"Dark Spots" were found i n  AI-SiO-AI capaci tors  a t  which breakdowns 

nucleated. 

a t  t h e  cathode i n  t h i s  region would be g rea t e r  than t h a t  i n  other  areas. 

i f  a high f i e l d  a t  the  cathode is necessary f o r  breakdown, the breakdowns would 

begin at  t h e  dark regions. 

If the  dark regions are regions of higher conductivity then f i e l d s  

Thus 

Variations i n  the  metal-dielectr ic  i n t e r f ace  would occur from one deposi t ion 

to another and with polar i ty .  

t h e  metal-dielectr ic  b a r r i e r  41. 

vary and produce d i f f e r e n t  breakdown vol tages  and d i f f e r e n t  average f i e l d  s t rengths  

(voltage/thickness) f o r  a given d i e l e c t r i c  thickness. 

These va r i a t ions  would produce d i f f e r e n t  values of 

The "critical'P f i e l d  a t  t h e  cathode would thus  

Final ly ,  the  development of inhomogeneous f i e l d s  would exh ib i t  some t i m e  

dependency s ince  t h e  exis tence o f  such f i e l d s  implies s p a t i a l  va r i a t ions  i n  the  

charge density.  

have a shor t e r  t i m e  t o  develop and the  breakdown vol tage would appear t o  be  

With faster vol tage sweeps the  cathode "critical" f i e l d  would 

higher.  This is  general ly  observed experimentally. 2 

B. CHARGE DISTRLBUTION AND FIELD INHOP~OGENEITY OF A NEUTRAL ISOLA'JXD INSULATOR 

1. General Theory 

This treatment seeks t o  f ind  t h e  equilibrium electric f i e l d  and charge 

d i s t r ibu t ions  i n  a s l a b  of insu la t ing  material located i n  a uniform electric f i e l d .  

The in su la to r  is  assumed t o  contain s l i g h t l y  nobi le  carriers t h a t  are thermally 

ac t iva ted  i n  the  presence of a.n applied f i e l d .  

considered. The case t o  be  examined assumes: 

Polar iza t ion  e f f e c t s  are not  

i. The insu la to r  is  an i so t rop ic  s l ab  of thickness D t h a t  contains charge 

carriers of only one type (negative) with s u f f i c i e n t  mobili ty t o  move 

i n  response t o  an applied f i e l d .  

The carriers move i n  a per iodic  po ten t i a l  a r i s i n g  from an ar ray  of 

bonding o r  trapping sites. 

ii. 
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iii. 

i v .  

Thermal exc i ta t ion  is required before the  carriers are mobile. 

No externa l  charge in j ec t ion  takes place and t o t a l  charge neu t r a l i t y  

is  maintained. 

Systems f u l f i l l i n g  the  above cri teria include a l k a l i  hal ides  which contain 

on t h e  order of ion-vacancy pa i r s  per  cm3 a t  room t e ~ n p e r a t u r e . ~ ~  The pos i t i ve  

ions are assumed so much more mobile than the negative ions t h a t  t he  lat ter can be 

regarded a s  s ta t ionary .  

an adjacent pos i t ive  ion vacancy interchange. 

d i f f e ren t  ions and vacancies provided the  r equ i s i t e  ac t iva t ion  energy is supplied. 

Transport of charge can be followed by keeping t rack of the r e l a t ive ly  f e w  pos i t i ve  

ion vacancies instead of the more numerous pos i t ive  ions. 

vacancy behaves the  same as a pos i t ive  ion,  but with opposite charge. 

treatment t h a t  follows the  carriers a re  these vacancies, i.e., negative charges 

with the  dynamic propert ies  of pos i t ive  ions. 

Motion of a pos i t ive  ion  occurs when a pos i t i ve  ion and 

This can occur repeatedly with 

Each pos i t i ve  ion 

I n  the 

The present work d i f f e r s  from t h a t  done previously chrough the boundary 

condition given i n  Statement i v  above. 

16 and 35-37. 

The method is s i m i l a r  t o  t h a t  of references 

Figure 1 depicts  the  po ten t i a l  energy seen by a negative carrier of charge 

-q i n  the  absence of an applied f i e l d  ( so l id  l i n e )  and i n  the  presence of an 

applied f i e l d  E (broken l i n e ) .  A and B y  adjacent equilibrium sites, are a dis tance 

- a apart  and are separated by a b a r r i e r  of height  Qi. 

plane of sites perpendicular t o  an applied electric f i e l d  a t  posi t ion xh. 

volume of a s i t e  is  defined as the  c r y s t a l  volune divided by the number of sites 

within tha t  volume. In  addi t ion,  l e t  

S i t e s  A s h a l l  represent a 

The 

NA = number of negative carriers per  u n i t  volume a t  sites A 

NB = number of negative carriers p e r  u n i t  volume a t  sites B 

v =  vibra t ion  frequency of a carrier when i n  an equilibrium site. 

The probabi l i ty  per u n i t  t i m e  of a negative charge crossing the b a r r i e r  of height 

I 
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t X  

Fig. 41. Po ten t i a l  energy of negative ions. Sol id  l i n e  represents the  
po ten t i a l  energy i n  t h e  absence of a f i e l d  and the  dotted l i n e  represents 
t h e  po ten t i a l  energy i n  the  presence of a f i e l d  E,. A and B a re  adjacent 
equilibrium s i t e s ,  a dis tance - a apar t ,  w i t h  a separat ing b a r r i e r  of height 4. 
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16,35,37 $ when the system is a t  a temperature T is 

- 4 h T  p = v e  
( 1) 

The applied f i e l d  causes e lec t rons  i n  sites A t o  see a b a r r i e r  ($ 

on the  r igh t ,  Those i n  si te B see a b a r r i e r  of height  (4 4- 9) on the  left .  

The equilibrium condition requi res  t h a t  t he  current  t o  the  r i g h t  equals the  

2 

current  t o  the  l e f t .  Thus, 

and hence 

Thus 

-qaE / kT 
NA = NBe 

NB - NA = NB(l - e -qaE/kT) (3) 

I n  the  above E and q are pos i t i ve  numbers. 

series giving 

Equation can be expanded i n  a 

Equation (4) can be converted t o  a function of pos i t ion  by introducing 

var iab les  x and N(x) such t h a t  N(xi) is equal t o  Mi f o r  a l l  values of i: 

the 

(5) 1 * 2  2 N(x + Ax) - N(x) = N(x 4- Ax) [$ Ax - - ( ) Ax + * * * . I  2 kT 

I n  the  l i m i t  as Ax + 0, Equation (5) becomes 

dN = N ( x )  e dx , 
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. .- - 1  . .  

terms in dx have been dropped. 

equation to relate the electric field to the charge density: 

V * E = ,  -+ * e  

dE [N(x) - MI, dx = E (7) 

where M is the density of positive charges, which are immobile, 

electric field is in the negative x-direction.) 

(Note that the 

Differentiate Equation ( 6 ) ,  then combine Equations ( 6 )  and (7). 

2 
[N(x) - MI d 1 dN - (--) = 

dx N dx 

To solve this differential equation, let y = lnN(x). Then 

and 

If the further substitution p = 5!Y is made, then dx 
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' Upon in tegra t ing ,  re turning t o  the  o r i g i n a l  var iab les ,  and using t h e  boundary 

conditions 

x = O ,  N = N o  

qE0 , 
O F  

= N  
dN 
dx 
c x = 0, 

r? 
h 
I 

where x =: 0 is t he  low po ten t i a l  edge of the  in su la to r ,  t he  r e s u l t  is 

' i  2. Low Field Approximation 
i 

J 
i 

Equation (12) i s  so complex t h a t  i t  has t o  i n t eg ra t e  numerically. To do 

s o  requires  assignment of p laus ib le  values f o r  No and Eo. To obta in  in s igh t  on 

t h i s  assignment and on the  e n t i r e  so lu t ion ,  t he  applied f i e l d  and the  r e su l t i ng  

disturbance i n  the charge d i s t r ibu t ion  w i l l  be  assumed small. 
1 
I 
! Then Equation (6) 

I 
I can be simplified by replacing N(x) by M, i .e.,  

t 
L j  

Equation (8) becomes 

.I 

This is a l i n e a r  second order equation with the  so lu t ion  

where 

2 d  
a = &T , and C and C2 a r e  constants. 1 
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The boundary conditions are: 

dN Nq 
dx kT o A t  x=O, - = E 

D D J Ndx = M J dx , 
0 0 

where the  in su la to r  s l a b  has a thickness D. 

n e u t r a l i t y  condition. 

Equation (15b) i s  a charge 

After  using these  conditions,  we have 

17 3 8 
If M = 10 /cm , T = 300°K, E =c0 and D = 

aD 100. Thus tanh - i s  very nearly uni ty ,  so w e  can wr i t e  

then a 2 10 /m and 

a D  
2 

MqEo -ax [ s inh  ax - cosh ax] = $1 - - MqEo 
akT e N : E l + -  

akT 

Since M - No is supposedly small compared t o  M, take M - No = 0.1M and compute 

Eo. 
3 This gives Eo : 2.5 x 10 V/cm, which may be taken as an upper l i m i t  f o r  

the  low f i e l d  approximation. 

The charge densi ty  a t  x 

N(D) = 

= D i s  found from Equation (14) t o  be 
HOEo 

akT 
PI+'. 

The f i e l d  a t  any pos i t ion  is found by in t eg ra t ing  Equation (7) using 
I 

Equation ( 1  6 ) .  

CtD [cosh ax - tanh 2 s inh  ax - 11 . W 2 E O  E = E o C -  
a2ckT 

A t  both x = 0 and x = D, Equation (20) gives  E = Eo. 



92 

1 

Y 

1 
.i 

a '  

i 

Thus there  

negative charge 

is 

at  

a n e t  pos i t ive  charge i n  the  region about x = 0 and a ne t  

the region about x = D, The eLectric f i e l d  is higher a t  

the  two eryds &atr it i b  in t he  central region, 

(which occurs a t  x = D/Z) t o  t he  maximum f i e l d  Eo is very near ly  

The r a t i o  of the minimum f i e l d  

where w e  have used 'e . a2 as defined i n  Equation (14). 

Figures 4 l a a n d 4 l b i l l u s t r a t e  the n e t  charge densi ty  and the  electric f i e l d  

var ia t ions .  

of D/20 from the  two surfaces.  

The charge layers  are almost completely contained within a dis tance 

3. Discussion 

If Equation (6) were used instead of the low f i e l d  approximation of 

Equation (13), the  q u a l i t a t i v e  nature of the so lu t ion  would probably be unaltered. 

The f i e l d  d i s t r ibu t ion  has several  noteworthy features .  

a. The i n t e r n a l  f i e l d  never exceeds the  applied f i e l d .  

b. The i n t e r n a l  f i e l d  is  the same a s  the  applied f i e l d  a t  both 

surfaces  and it f a l l s  off rapidly with dis tance from the surfaces.  

c .  The f i e l d  is  very nearly zero i n  the  cen t r a l  portion (as is  

expected of an ordinary conductor i n  e l e c t r o s t a t i c s ) .  

d. Polar iza t ion  e f f e c t s  would probably influence the  f i e l d  only 

s l i g h t l y  s ince  the  f i e l d  is v i r t u a l l y  zero throughout a l l  but the t r a n s i t i o n  

layers.  
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Fig. 41. 
(b) F ie ld  configuration i n  the  d i e l e c t r i c .  

( a )  Net charge d i s t r ibu t ion  (M-N) due t o  the  applied f i e l d  Eo. 
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V. COMPARISON OF BREAKDOWN DATA WITH THEORY 

Y 

i 

In  t h i s  sec t ion  the breakdown measurements a re  discussed i n  terms of theories  

for  the  onset of breakdown. The treatments considered are those of Forlani and 

15 Minnaja 

t h e i r  approach. 

von Hippel, Frghlich, Se i tz ,  Callen, and Franz (see the  monographs by O'Dwyer 

and Whitehead3' fo r  an account of these e a r l i e r  papers). 

and Gafni is phenomenological. 

condition produced when the Joule heating exceeds the  r a t e  at  which thermal 

energy can be conducted from the breakdown site.  

above individual ly ,  a c r i t i q u e  w i l l  be made on breakdown theories  i n  general. 

a O'Dwyer13, and Klein and Gafni'. The f i r s t  two a re  microscopic i n  

Each is based on the e lec t ron  avalanche ideas developed by 

38 

The treatment o f  Klein  

It assumes t h a t  breakdown is  a purely thermal 

Af te r  considering each o f  the 

A. THEORY OF FORLANI AND MINNAJA 

The basic  features  i n  the  theo re t i ca l  argument of Forlani and Minnaja are: 

i. 

ii. 

iii. 

i v  . 

V. 

v i .  

The d i e l e c t r i c  is an ion ic  c rys ta l .  

Electrons a re  "free" i n  the conduction band. 

The number of e lec t rons  i n  the conduction band can be enhanced by ioniza- 

t i o n  from the valence band. 

already i n  the conduction band have absorbed from the  f i e l d  an energy 

grea te r  than Egap, the  energy separating the valence and conduction bands. 

Electrons t r ans fe r  energy t o  the  c r y s t a l l i n e  la t t ice  by means of an 

in te rac t ion  with the o p t i c a l  phonon spectrum. The o p t i c a l  phonons are 

connected with ionic  v ibra t ions  where adjacent ions of d i f f e r e n t  species 

move 180' out of phase. 

Tunnel i n j ec t ion  is  assumed t o  occur a t  the cathode. 

The cri t ical  condition for  breakdown is  fo r  the current  dens i ty  t o  reach, 

This ionizat ion can occur only a f t e r  e lectrons 

'1 

t 
1 
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1 
"at some point i n t e rna l  t o  the d i e l e c t r i c  thickness,  a c e r t a i n  current  j b  

pecul iar  t o  the  considered d i e l ec t r i c . "  
- .". 

The predict ions obtained are: 

i. The breakdown f i e l d  (defined as the  applied vol tage divided by t h e  

d i e l e c t r i c  thickness w) varies as w , -f 

ii. The breakdown f i e l d  is independent of temperature. 

I n  Figures 23 and 24 are s t r a i g h t  l ines  with s lopes of -5 showing t h a t  t h e s e  

give a good representa t ion  of t he  thickness dependence of the breakdown f i e l d  i n  

CaF2, Ce02, Si0 and MgF2. 

conclusions. 

The da ta  on CeF3 and Teflon are too sparse  t o  allow 

The temperature dependence i n  d i f f e ren t  materials of t he  breakdown f i e l d  is 

shown i n  Fig. 22, 

CaF2, CeF3 and Ce02 show systematic decreases i n  breakdown f i e l d  as temperature 

increases.  

Here Si0  and MgF2 exhib i t  no temperature dependence, while 

Temperature da t a  have not yet  been taken on Teflon. 

Thus, the theory of Forlani  and Minnaja has t o  be modified if it is t o  give 

Further, t he  a p p l i c a b i l i t y  of  the  theory t o  the  proper temperature dependence. 

non-ionic c r y s t a l s  needs some examination. 

w e l l  f o r  an ionic  c r y s t a l  (MgF2) and a glassy rnaterial(Si0). 

CeF3, Ce02 and CaF2 a r e  pr imari ly  ionic ,  they do not have'the temperature depend- 

ence predicted. A s  indicated i n  Section IV.A, a temperature dependence can arise 

e i t h e r  from the  in j ec t ion  mechanism, the  bulk conduction mechanism, o r  both. 

The predict ions of t he  theory hold 

However, even though 

B, THEORY OF O'DWYER 

40 
O'Dwyer points  out t h a t  t he  avalanche mechanism, as elaborated by Se i t z  , 

requires  many generations (Sei tz  estimates 40 f o r  a specimen one cm th i ck  when 

the  breakdown f i e l d  is about 10 V/cm> and hence implies a current  dens i ty  t h a t  

increases as the  avalanche progresses. 

space chEirge t h a t  would lead t o  i n t e r n a l  f i e l d s  of the order of 10l1 V/cm i f  the  

6 

Accompanying t h i s ,  however, is a res idua l  
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. avalanche were t o  proceed as described by Se i tz .  This can be avoided i f  a Current 

cont inui ty  condition i s  added, 

of t he  space charge l e f t  i n  t he  avalanching. (Since time is required f o r  t h i s  

r ed i s t r ibu t ion ,  it forms a bas is  fo r  understanding why the  breakdown threshold 

depends upon the rate of appl ica t ion  of voltage.)  

the conduction band are free and develops an expression f o r  the ionizat ion rate. 

This is combined with the  current  cont inui ty  condition, Poisson's equation, and 

the assumption of f i e l d  in j ec t ion  a t  the  cathode. 

The cont inui ty  condition forces a r ed i s t r ibu t ion  

O'Dwyer assumes e lec t rons  i n  

He concludes the  cathode f i e l d  

i 

1 

1 
i 

. J  

is grea te r  than the  f i e l d  in  the  remainder of the  d i e l e c t r i c .  

t o  occur when a small change i n  the  appl ied f i e l d  implies an enormous change i n  

Breakdown i s  taken 

the  current .  This occurs a t  a well-defined applied vol tage for  a given thickness, 

O'Dwyer denotes the  average f i e l d  i n  the d i e l e c t r i c  at  breakdown by the  symbol 

Fb (equivalent t o  Fmax) and then def ines  two parameters, H a n d h ,  such t h a t  H 
- 

has the  dimensions of an  e l e c t r i c  f i e l d  and h t h e  dimensions of a length. He 
W 

p l o t s  H/?b vs log r, where w i s  the  d i e l e c t r i c  thickness. This is a universal  

curve i n  terms of the  material parameters H and A. The length h is descr ip t ive  
.* 

e '  of the  dis tance between ionizing co l l i s ions  and it is given by 1 - 
where CI is  the  mobili ty of t he  e lec t rons ,  m t he  e l ec t ron  mass, I the  energy gap 

between the  valence and conduction bands, and e the  e lec t ron  mass. 

O'Dwyer's universal  breakdown curve i s  rep lo t ted  i n  Fig. 42 i n  the form 

log Fb/H vs log u, where u = w/h. 

dis tance per  cycle  is  the same fo r  both the  experimental curve and the theo re t i ca l  

curve, then the  values of  H and of Xcan be determined by first a l ign ing  the  

coordinate axes of t he  two curves so they are p a r a l l e l ,  then by making su i t ab le  

t r ans l a t ions  p a r a l l e l  to the  coordinate axes u n t i l  a best  f i t  is reached between 

the  experimental da t a  and some port ion of O'Dwyer's t heo re t i ca l  curve. 

correspondences can then be read d i r e c t l y  (a pin hole may be made extending through 

If t he  graph paper is  chosen so  t h a t  the 

The sca l e  
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t he  two graphs and 

The ordinates  give 

then t h e  coordinates 

the Couplet Fb, Fb/H 

9 8  

of the  pin hole read from both graphs). 

and the  abscissae give w, w/X. The r a t i o  

of t he  f i r s t  two determines H and the  r a t i o  of  the  second two determines X. 

Upon attempting t o  f i t  O'Dwyer's universal  curve as expressed i n  Fig. 42 

with the  experimental da t a  of Figs. 23, 24, and 25, i t  is found t h a t  the  scatter 

i n  t h e  da t a  makes it very d i f f i c u l t  t o  judge a best  fit. Since the  s t r a i g h t  l i n e s  

drawn f o r  making a comparison with the  theory of Forlani  and Minnaja give a f a i r l y  

good representat ion of t he  data ,  these l i n e s  a r e  used t o  obtain the  values of H 

and h given i n  Table 6. These values are uncertain by about a f ac to r  of 2. 

shown i n  Table 6 is an approximate of t he  mobil i ty  of  p, where P = e h / m  

indicated above, 

A l s o  

as 
- 

The universal  curve of O'Dwyer d id  not seem t o  give as good a f i t  t o  the  

-4 experimental da ta  as d id  the  w r e l a t i o n  o f  Forlani and Hinnaja. 

O'Dwyer states t h a t  t he  value of 

u has a value about 10. On  the  o ther  

dependence is  given approximately by 
- t' 

't 
F b a  

- 
Fb should be independent of temperature i f  

hand, when u is about lo4, t he  temperature 

where the  angular frequency u) i s  connected wi th  the  longi tudinal  o p t i c a l  modes. 

2 From Table 6 it is seen t h a t  u i s  10 

Experimentally, Si0 and MgF2 have breakdown f i e l d s  t h a t  are independent of 

temperature, which is cons is ten t  with the  predict ions of O'Dwyer. 

breakdown f i e l d s  i n  CaF 

with temperature, while Eq. (1) predic t s  a monotonic increase i n  breakdown f i e l d  

with temperature. 

o r  less fo r  S i 0 2 ,  CaF2, MgF2 and Ce02. 

However, the  

CeF3, and Ce02 (see Fig. 22) decrease monotonically 
2' 

O'Dwyer's theory has appeal because it gives perspective fo r  the  dependence 

of the  

method 

breakdown voltage on t h e  r a t e  of rise of the  applied voltage.  

fo r  evaluat ing the  i n t e r n a l  f i e l d ,  which is non-uniform because of the 

He  gives a 
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Ce02 

.? 

Table 6. 

br e akdawn 

3.3 x 106 6 I 60 

Parameters of O'Dwyer's Theory evaluated by comparing 

f ield-thickness data with O'Dwyer's universal curve. 

experimental 

S io 100 2.3 x lo6 10 

13 i 6 
i 1.4 x 10 
I 

WF2 130 

i 

i 
t 
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space charge set up t o  maintain the  condition of current  cont inui ty .  

at  t h e  cathode is enhanced by about an order of magnitude over h i s  bulk f i e l d ,  

but the  t r a n s i t i o n  is gradual. 

more realist ic model of the  bulk conductivity might alter t h i s  d i s t r i b u t i o n  

fu r the r  so t h a t  there  is  a f a r  s t ronger  f i e l d  near t he  cathode. 

The f i e l d  

The ca lcu la t ions  of Section 1V.A sugges t ) tha t  a 

C. TKEORY O F  KLEIN AND GAFNI. 

Klein and Gafni use t h e  phenomenological equation expressing the balance 

between Joule  heat ing and thermal conduction. 

so t he  thermal condtiction cannot remove energy f a s t  enough, then breakdown occurs. 

Klein and Gafni apply t h i s  theory t o  t h e i r  "maximum voltage" breakdowns (see 

Sect ion I) i n  SiO.  

When the  Joule heat i s  too grea t  

However, a s  they ca re fu l ly  point out,  they do not usua l ly  

measure the  breakdown vol tage d i r e c t l y  because t h e i r  e n t i r e  capaci tor  i s  thereby 

destroyed. 

which the current  increases  and the  vol tage decreases. 

pa r t  of t h i s  negative r e s i s t ance  region and then tu rn  o f f  t h e  applied voltage 

before des t ruc t ion  occurs. 

are r e a l l y  non-breakdown measurements on the dc cha rac t e r i s t i c s .  

They measure a point on t h e i r  voltage-current c h a r a c t e r i s t i c  beyond 

They map out a d e f i n i t e  

Thus t h e i r  experimental da t a  on breakdown voltages 

The Joule  heating is computed using the  experimentally determined V-I-T 

cha rac t e r i s t i c s .  Klein and Gafni obtain the r e l a t i o n  

o = uo exp [a(T-To) f bF], (2) 

where u is the conductivity,  - a and - b are constants ,  T is the  temperature of t he  

dielectric,  To is  the  ambient temperature and u0 is a function of  the  geometry 

and the  ambient temperature (uo = AeaTo, where A, i s  a constant) .  

energy balance equation used is  

The 

(3) 2 

where Ab i s  the  area of t he  breakdown, w is the  d i e l e c t r i c  thickness,  

OF AbW = r (T - To), 

bas ic  

and r is  the  

heat conductance. Klein and Gafni combine Eq. (2) and (3) and then d i f f e r e n t i a t e  



I the  r e su l t i ng  equation with respect  t o  T t o  f ind  the  c r i t i c a l  condition on the  

temperature. This & ( c a l l i n g  the  c r i t i c a l  temperature Tm) 

T, - To = l / a  . (4) 

When t h i s  is subs t i tu ted  back i n t o  the  o r i g i n a l  equation, t he  value of f i e l d  

determined by the  equation is re fer red  t o  as the  breakdown f i e l d .  

Tm - To range from about 25 t o  5OoC. 

The values of 

The thickness dependence t h a t  Klein and Gafni f ind is shown i n  Fig. 43a and 

the  temperature dependence is shown i n  Fig. 43b. In  each case good agreement i s  

shown between theor:: and experiment. 

the  breakdown-thickness da t a  do not f i t  e i t h e r  the w'$ r e l a t i o n  of  Forlani  and 

Minnaja o r  the  theo re t i ca l  curve of O'Dwyer. 

A t  the  same t i m e ,  it should be noted t h a t  

Both the  thickness and the  temperature dependence da ta  of Klein and Gafni 
1 
i 
1 

I 

d i f f e r  from t h a t  summarized i n  Figs. 24 and 27 (see the  S i0  data) .  

SzeI2 has used the  approach of Klein and Gafni i n  describing breakdowns i n  
i 

Si3N4 capacitors.  He  uses Eq. (IV.A.3) t o  descr ibe the  current  dens i ty  as a 

.3 

function of applied f i e l d  and temperature. 

obtains  good agreement between h i s  t heo re t i ca l  predict ions and experimental 

r e s u l t s  on breakdown f i e l d  vs.  temperature. 

f i e l d  as a function of thickness.  

and the  c r i t i ca l  value T, is about 15'. 

With t h i s  and the  method above, he 

He does not give da t a  on breakdown 

The temperature d i f fe rence  between ambient 

The temperature dependence of Fmax fo r  CeO2 and CaF2 (see Fig. 22) is 

qua l i t a t ive ly  l i k e  t h a t  of Sze. The prebreakdown conduction i n  Ce02 is similar 

t o  t h a t  i n  Si3N4 i n  its temperature dependence, but the  prebreakdown conduction 

i n  CaF2 is  very d i f f e r e n t  and is  only s l i g h t l y  temperature dependent. Further, 

Si0 has about the  same type of  tzmcerature dependence as Si3N4 i n  its prebreak- 

down behavior, but it has differen2 temperature dependence i n  i t s  breakdown 

behavior (see Figs. 22 and 4 3 ) .  
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Fig. 43. 
(a) Fmax vs d i e l e c t r i c  thickness.  
case Fmax i s  obtained from prebreakdown V-I-T charac te r i s t ics .  

Maximum voltage breakdown data of Klein and Gafni for S i O .  
I n  each (b)  Fmax vs temperature. 
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of Klein and Gafni can be t r i e d  on MgF2. 

conductivity is  so s m a l l  t h a t  i t  can be regarded as n i l .  

Here the  temperature 

Then 

Eq. (3) would give breakdown v7hen t h e  temperature reaches t h e  point where e i t h e r  

t he  electrodes o r  the  d i e l e c t r i c  m e l t  o r  decompose. This is a t  a temperature 

i n  t h e  order of 100O0K. 

according t o  the  r e l a t i o n  

Thus Eq. (3) predic t s  a well-defined decrease i n  Fmax 

The da ta  of Fig, 22 show t h i s  i s  not obeyed. 

D. CRITIQUE 

None of t h e  t h e o r e t i c a l  treatments considered descr ibe a l l  of t he  materials 

studied. The experimental evidence is s t rong t h a t  prebreakdown conductance cannot 

general ly  be r e l a t ed  t o  breakdown thresholds.  Neither is there  any clean-cut 

re la t ionship  between d i e l e c t r i c  constants and breakdown thresholds.  This is 

surpr i s ing ,  but the  breakdown f i e l d  i n  Ce02 i s  about the same as i n  SiO, whereas 

the  real pa r t  of t he  d i e l e c t r i c  constant i n  Ce02 is  several hundred (see Fig. 13) 

while it is only 6 i n  SiO. I f  Fmax i s  used t o  compute a loca l  field4', the  loca l  

f i e l d  is enhanced because of t he  polar iza t ion  by the  amount $/3E0, where P is the  

polar iza t ion  f i e l d .  Thus, the  loca l  f i e l d  i n  Ce02 is about 50 t i m e s  s t ronger  

than the  loca l  f i e l d  i n  Si0 so one might expect Fmax for t he  two materials t o  

d i f f e r  correspondingly. 

The experimental work on breakdown indicates  t h a t  breakdown f i e l d s  are about 

t h e  same i n  bulk specimens (see the  extensive da ta  i n  Whitehead's book) as they 

are i n  t h i n  films. This raises questions about any avalanche mechanism. One 

way t o  include avalanches would be t o  require  avalanches t o  be highly local ized,  

so t h a t  each one or ig ina tes  and funs i t s  course t o  des t ruc t ion  wi th in  a path of ,  
0 

say, 100 t o  1000 A. 



The values of (T 

5OoC, which seems too 

lob 

- To) found by both Klein and Gafni and Sze are from 10 

small t o  reach a cri t ical  condition, I n  the extensive 

t o  

tests on Si0 described i n  references 1-3, e s s e n t i a l l y  no temperature dependence 

of Fmax was found when the  ambient temperature w a s  a l t e r ed  by 3OO0C. 

The heat conduction r e l a t i o n  used by Klein and Gafni is a l s o  hard t o  under- 

stand. 

temperature, but i ts  temperature dependence is f a r  s t ronger  than a l i n e a r  var ia-  

t i on ,  

stronger than T . 

They present a curve showing t h a t  the value of r i s  not constant with 

Hence the  l a w  of heat conduction should show a temperature dependence 

2 

The use of Klein and Gafni's "maximum voltage" breakdowns wherein the  

breakdown voltage is measured without the  occurrence of breakdown leaves undeter- 

mined the ac tua l  breakdown vol tage,  Hence, "breakdown" thickness and temperature 

data  are subject t o  ser ious question. 

dens i t i e s  of Klein and Gafni i n  t h e i r  "maximum voltage breakdowns" a r e  10 t o  100 

t i m e s  as large as those fami l ia r  t o  the authors,  

not understood. 

p l a t e  area, 

genuine rise i n  Fmax i n  capaci tors  of area less than 1 c m  . 
these small capaci tors  had prebreakdown current  dens i t i e s  comparable to those 

of Klein and Gafni s ince measurements of prebrealtdown currents  were only made 

on la rger  capacitors.  

It has been pointed out t h a t  the  current 

Perhaps t h i s  i s  an areal e f f e c t  

The capaci tors  of Klein and Gafni were generally 0.2 cm2 i n  

A s  indicated i n  the  a r e a l  study of  Section 1111A.2.d, there  is a 

2 It is possible  

The observation of high breakdown voltage accompanying small-area capaci tors  

i s  not explained by any of the  theories  considered. 

The theor ies  of breakdown conduction have attempted only one portion of the  

problem of breakdown conductio9, nsmely, the predict ion of the breakdown threshold 

as a function of temperature 

treatments the  assumption is  

and Lhidhiess of the d i e l e c t r i c .  In  the microscopic 

t h a t  the system i s  homogeneous and the  electrode-  



- d i e l e c t r i c  in te r face  can be described simply. yet the  breakdown voltage can be 

s t rongly sens i t i ve  t o  the po la r i ty  of the applied Most treatments 
> 
1 

I regard the f i e l d  i n  

Y and t h a t  i n  Section 
i 
i - \  

f i e ld .  
r 

The problem of  

the d i e l e c t r i c  t o  be almost uniform, but the work of O’Dwyer 

1V.A emphasize the importance of having an inhomogeneous 

conduction during breakdown has not been given ser ious  

a t t e n t i o n  by theo r i s t s ,  although it  may be easier t o  solve than the  problem of 

the onset of breakdown, It is t h i s  problem t h a t  w i l l  be considered fu r the r  i n  

the  next sect ion.  

i a 

3 

s 
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V I  MODEL FOR BPZPX3lOWN COIDUCTION 

Experimental r e s u l t s  i nd ica t e  there  a r e  three  phases of the  problem of 

descr ibing breakdown conduction: 

i. Trans i t ion  from pre3reakdown conduction t o  breakdown conduction. 

ii. Breakdown conduction, 

.iii. Termination of breakdown conduction. 

The f i r s t  phase has been discussed i n  Section V. 

i n  Section I11 i nd ica t e  a re-examination is appropriate.  

However, t he  resu l t s  described 

Hence, a l l  three  phases 

w i l l  be discussed below. 

A. TRANSITION FR0i.I PREBREAKDOTm CONDUCTION TO BREAKDOWN CONDUCTION 

The bas i c  experimental r e s u l t s  bearing on t h i s  t r a n s i t i o n  are: 

i. The magnitude of t h e  breakdown f i e l d ,  f o r  a given d i e l e c t r i c  geometry 

is about t h e  same f o r  a l l  of t he  materials s tudied.  The materials s tudied were 

s t r u c t u r a l l y  q u i t e  d i f f e r e n t ,  ranging from glassy t o  c r y s t a l l i n e  t o  polymer. 

The breakdown threshold Fmax, f o r  t h e  d i f f e ren t  materials, w a s  only mildly 

temperature dependent. 

ii. N o  co r re l a t ion  ex i s t ed  between the  temperature dependence of F and 

Similar ly ,  Fmax 

max 
the  prebreakdown voltage-current-temperature cha rac t e r i s t i c s .  

w a s  not found t o  be  r e l a t ed  t o  the complex d i e l e c t r i c  constants o r  t o  t h e i r  

temperature dependence. 

seems immaterial i n  determining the  behavior of Fmay. .. 
Thus the  state of prebreakdotm dc and ac conduction 

iii. The t r a n s i t i o n  from prebreakdown conduction t o  breakdobm conduction 

is very abrupt.  

t h a t  the conductivity a t  the Sr.-.:-ct?cnm s i te  changes by a f a c t o r  of about 10 

during these  10 nanoseconds. 

ohms. The res i s tance  remains constant a t  t h i s  value u n t i l  the  capaci tor  vol tage 

It occurs i n  a t i m e  lees than 10 nanoseconds. It is  estimated 

10 

The r e s i s t ance  a f t e r  the  t r a n s i t i o n  is about 30 
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has f a l l e n  c lose  t o  Vmin. 

iv .  The l i g h t  emitted during breakdown has a l i n e  spectrum c h a r a c t e r i s t i c  

of the  f r e e  ions and atoms of both electrodes and of t he  d i e l e c t r i c .  This l i g h t  

is  emitted from the  very beginning of t he  breakdown process,  i .e.,  l i g h t  emission 

begins when the  vol tage waveform indica tes  breakdown begins. 

v. Most breakdowns o r ig ina t e  a t  a center .  The region c lose  t o  t h i s  center  

a t t a i n s  both a high temperature and a high pressure during breakdown. 

The theo re t i ca l  considerations of Sections IV and V i nd ica t e  t h a t  t h e  devel- 

opment of a non-uniform f i e l d  within the  d i e l e c t r i c  is probably bas ic  t o  under- 

standing t h e  onset  of breakdown. 

I n  the  breakdown study of A1-SIO-A1 capacitors3,  t h e  bas i c  idea  offered t o  

explain the  onset of breakdown was the  f ie ld-d issoc ia t ion  of the  molecules. This 

presumably provided the  e lec t rons  t h a t  modified the  conductivity so much. 

w a s  assumed t h a t  t he  constancy of the  res i s tance  of t he  capaci tor  during break- 

down and the  rapid t r a n s i t i o n  from prebreakdown t o  breakdown conduction required 

a mechanism f o r  t h e  la teral  spread of t he  ac t ive  conducting region i n  the  t ransi-  

t i o n  t i m e  of less than 10 nanoseconds. 

accomplish t h i s .  

its constancy are explained i n  a d i f f e r e n t  fashion. 

It 

A stepwise process w a s  hypothesized t o  

I n  t h e  descr ip t ion  t h a t  follows,low value of resistance and 

A descr ip t ion  of the  onset of breakdown t h a t  i s  believed consis tent  with t h e  

experimental r e s u l t s  w i l l  now be given. 

some leakage current  and possibly some ion  migration. 

cont inui ty  implies t h a t  a space charge w i l l  be b u i l t  up near t he  cathode (assuming 

e lec t ronic  conduction). The f i e l d  i n  the  cathode region may be  100 t i m e s  the  

bulk f i e l d  (see Section I1J.A). Bowever, t h i s  r a t i o  decreases with increasing 

voltage.  

be a mechanism such as impact ion iza t ion  avalanche o r  f i e l d  d issoc ia t ion  i n  t h e  

Upon appl ica t ion  of a vol tage there  is 

The requirement of current  

To explain the  rapid t r a n s i t i o n  from prebreakdown conduction there  must 
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high f i e l d  region by which d issoc ia t ion  starts i n  the  c e n t r a l  breakdown region. 

This d i ssoc ia t ion  must change the  s o l i d  i n t o  a dense plasma ( i f  i t  is t o  

account f o r  t he  l i g h t  emission observed) t h a t  is a good conductor. 

d i ssoc ia t ion  is  due t o  a high cathode f i e l d ,  the high f i e l d  region i s  pushed 

toward the  pos i t i ve  e lec t rode  as the  conducting plasma is formed. Within the 

10 nanoseconds the  material i n  the  cen t r a l  port ion between the  electrodes has 

been converted i n t o  a highly dense plasma. 

with the  electrodes i n  t h i s  cen t r a l  area, vaporizes them. 

before the  plasma has had a chance t o  expand appreciably. 

B. BREAKDOWN CONDUCTION 

If the  

The plasma, which is i n  contact 

A l l  of t h i s  happens 

I f  the plasma is  the p r inc ipa l  conduction path during breakdown, i t  is 

somewhat surpr i s ing  t h a t  t he  breakdown res i s tance  changes so l i t t l e  as the  

plasma expands. However, i t  should be noted t h a t  the highly dense plasma a t  

the  beginning of breakdown probably has a much smaller e l ec t ron ic  mobili ty 

than is  found i n  the more r a r i f i e d  plasma later on. 

must be taken from one e lec t rode  and go through the  plasma t o  the  other 

electrode. 

same t i m e ,  there  is a longer path between electrodes.  

keep the  conductivity constant. 

For conduction,charges 

Thus as the  plasma expands, it becomes more conducting and, a t  t he  

These w i l l  tend t o  

As t he  plasma t r ave l s  oufxard, i t  passes over the  surface of the  top 

electrode causing erosion and heating i n  both the  e lec t rode  and the d i e l e c t r i c  

beneath it. If t h e  conductivity of t h e  d i e l e c t r i c  is temperature sens i t i ve ,  

then t h i s  region w i l l  conduct more s t rongly than previously, bu t  not  nearly 

as strongly as the  plasma. The d iss ipa t ion  of energy along the capaci tor  

surface should rapidly remove energy from the  expanding plasma. The l i g h t  

emission waveforms show t h a t  there  is continued generation of excited ions 

and neut ra l s  within the  plasma throughout t he  breakdown conduction in t e rva l .  



One of t he  puzzling questions with regard t o  breakdown is  the  geometric 

configuration and s i z e  of t he  breakdown. 

i t  w a s  found t h a t  the  s i z e  of t h e  c e n t r a l  region remained almost constant as 

t he  p l a t e  area of the  capaci tor  (and hence the  energy ava i lab le  during breakdown) 

increased. 

f o r  t he  smallest case, suggesting t h a t  the  res i s tance  is determined pr imari ly  

by t h i s  c e n t r a l  region. For small p l a t e  area capaci tors  there  is e s s e n t i a l l y  

only a c e n t r a l  region. 

I n  the  areal study of Section III.A.2.d, 

Also t he  r e s i s t ance  during breakdown w a s  near ly  constant except 

As t h e  p l a t e  area increases  the  outer  diameter increases ,  

a t  f i r s t  q u i t e  rapidly,  bu t  f o r  areas g rea t e r  than 2 cm2 t he  increase is much 

more gradual. 

area capacitors.  

t he  p l a t e  area is la rger .  

pressure wave breaks contact with t h e  capaci tor  surface.  

occur because the  hemispherical wave would not experience strong d i s s ipa t ive  

forces  except along the  sur face  of the  capacitor.  

shock f ron t  along the  sur face  would drop rap id ly  while t h e  wave heading i n t o  

the  atmosphere (or  t he  vacuum) would maintain a r e l a t i v e l y  high ve loc i ty .  

t he  place where contact w a s  broken, there  is  probably an unusual amount of 

turbulence and hence considerable hea t  t ransfer .  

pa t te rns  on the  subs t r a t e  i nd ica t e  an unusually high temperature. 

The amount of l i g b t  given off fs also g rea t e r  f o r  t he  larcer 

This suggests t h a t  t h e  plasma is  more highly ionized when 

The outer  edge of the  breakdown may occur when the  

Such a break should 

Thus the  ve loc i ty  of the 

A t  

This is the  region where e t ch  

Another f a c t o r  t h a t  is of importance i n  determining the  res i s tance  during 

breakdown is  the  "spreading" res i s tance  i n  the  e lec t rodes  as the  charge on 

the  electrodes funnels into t h e  plasma shor t ing  site. 

1000 13 th ick ,  t h i s  probably is about 5 ohms. 

loca l ized  c lose  t o  the  plasma shor t ,  hence is  considerable e x t r a  heating i n  

t h i s  region. 

heating. 

For aluminum e lec t rodes  

Most of t h i s  res i s tance  i s  

Probably some of the damage pa t t e rn  is  connected with t h i s  
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I n  some breakdowns the  r e s i s t ance  increases  abruptly when the  vol tage has 

fallen, say, t o  three-fourths of the way t o  Vmin. 

a f a c t o r  of 10 t o  100 i n  the resis tance.  

This may be an increase of 

The l i g h t  output seems to  continue 

during t h i s  period, so some plasma is being generated. 

e f f e c t s  have completely cu t  off the  cen t r a l  region from the  electrodes and 

the  central plasma has l o s t  a l l  electrode contact. 

Possibly the  erosion 

A t  the  edge of the  breakdown, 

there  may be secondary plasma formation (edges frequently serve as nucleat ion 

centers f o r  subsequent breakdowns) tcrhicn produces the  thermal e tch  e f f e c t  and 

the  complex edge pa t te rns  sometimes observed. 

C, TERMINATION OF BREAKDOWN CONDUCTION 

The termination of breakdown is b e s t  approached through the  propert ies  

observed f o r  Vmin. These are: 

i. There e x i s t s  a threshold Vmfn for a l l  materials studied. 

ii, Veri is po la r i ty  sens i t ive .  

iii. Vmin has a value of 10 t o  20 v o l t s  f o r  almost a l l  capaci tors  

( regardless  of t he  d i e l e c t r i c )  studied. 

is not temperature dependent. 

is not thickness dependent. 

iv* 'mi, 

v e  'min 

The above proper t ies  suggest s t rongly t h a t  Vmia is connected with the  

The s i t u a t i o n  seems t o  be 

There the  f i e l d  c lose  t o  the  cathode 

minimum voltage required t o  sus t a in  the  plasma. 

about t he  same as i n  a gaseous discharge. 

is very high and the f i e l d  i n  the  pos i t i ve  column region is  low. The discharge 

is maintained so long as the  applied vol tage can cantinue t o  produce ion iza t ion  

in the  region near t he  cathode. 

t h a t  is  almost independent of  the  electrode separat ion (almost a l l  of the  

Thus the  discharge is quenched a t  a voltage 

voltage drop being c lose  to  the  cathode regardless  gf the  electrode separat ion) .  
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Because of the polarity effects  on Vmin, i t  seems that the nature of the 

electrode-plasma interface m u s t  be important. 

polarity may be as much as ten volts, although it is usually less than this .  

The difference i n  Vmin with 
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V I 1  . CO1;1CLUSIONS 

Breakdown propert ies  of SiO, MgF2, CaF2) CeF3, Ce02, and Teflon have been 

measured f o r  t h i n  f i lms i n  the  range from 1000 8 t o  15000 8. 
have a c h a r a c t e r i s t i c  breakdown f i e l d  which varies only s l i g h t l y  with temperature 

and with f i l m  thickness.  

materials exh ib i t  a vol tage threshold for t he  cessa t ion  of breakdown i n  the  

range of 10 t o  20 v o l t s  f o r  most capaci tors .  

temperature and of d i e l e c t r i c  thickness. 

A l l  of t he  materials 

A f i e l d  of lo6 V/cm is representat ive.  A l l  of t h e  

This vol tage is independent of 

On coreparing the  magnitude of t he  f i e l d  for t he  onset  of breakdowli among 

t h e  d i f f e r e n t  materials with the  measured prebreakdown V-I-T cha rac t e r i s t i c s  

and the  coroplex d i e l e c t r i c  constant-temperature cha rac t e r i s t i c s ,  i t  is  concluded 

t h a t  the magnitude of t h e  breakdown f i e l d  i s  not: a funct ion of these prebreakdowp 

phenomena. Moreover, t h e  temperature and thickness dependences of the  threshold 

f i e l d  f o r  t he  onset  of breakdown do not depend upon prebreakdown conduction. 

None of the  theo re t i ca l  treatments considered were found t o  be completely 

sa t i s f ac to ry  Predict ions of Forlani  and Minnaja on the  thickness dependence 

of t h e  threshold f o r  t he  onset of breakdown were i n  good agreement with 

experiment. However, t h i s  theory d i d  not  adequately descr ibe the  temperature 

dependence of the  threshold f i e l d .  

The measurements of t he  charae te r i s  tics of s i n g l e  breakdowns wherein the  

vol tage waveforms are cor re la ted  with the  l i g h t  i n t e n s i t y  waveforms of individual  

s p e c t r a l  l i n e s  during breakdown are believed t o  provide a new perspect ive t o  the  

understanding of breakdown conduction. Based upon these,  the o p t i c a l  rnicrograDhy 

and the  electrical measurements, a model of the many aspects  of breakdown has beer 

proposed. This represents  an advance on a model previously suggested by the  
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, authors .  The cen t r a l  feature  i n  t h i s  model is the t r ans i t i on  i n  a time of less 

than 10 nanoseconds from the prebreakdown conducting state t o  a breakdown conduct- 

ing state. In  t h i s  time a region about 10 microns i n  diameter is converted from 

a so l id  in to  a conducting plasma. This conducting plasma is responsible for  the 

low res i s tance  during breakdown, f o r  the l i g h t  emission during breakdown, and f o r  

the f i n a l  quenching of the  breakdown. 

Although the primary emphasis i n  t h i s  paper has been upon the  breakdown 

problem, much of the da ta  on prebreakdown conduction is of i n t e re s t  and is not 

" t  avai lable  i n  the l i t e r a t u r e .  
{ 
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VIII. PLANS F ~ R  ~ ~ R T H E R  STUDY 

The general  program of work described i n  t h i s  report  is being continued a t  

present. Work i n  progress includes: 

i, Theoretical  treatment of  prebreakdown and breakdown conduction. 

ii. Additional measurements on the materials of t h i s  study t o  f i l l  gaps i n  

the data. 

iii, Study of the prebreakdown and breakdown conduction i n  the  alkali  fluoride@. 

These have been chosen because much theo re t i ca l  work and r e l a t ed  experi-  

mental work has been done on these maeerials (including thin-fi lm pre- 

breakdown s tudies  and breakdown s tud ie s  of bulk samples), 

of breakdown originated by von Hippel and by Frghlich (and exemplified 

by the treatments of O'Dwyer and Forlani  and Mlnnaja) are expressed i n  

terms of ionic  c r y s t a l s  l i k e  the  a l k a l i  f luorides .  

Construction of an r f - sput te r ing  un i t  so t h a t  Teflon, glasses ,  and o ther  

temperature-sensitive materials can be fabricated i n  t h i n  films. 

Work t h a t  i s  planned fo r  the  near fu ture  includes: 

i. 

The theor ies  

iv. 

Further e lec t ron  microscopy, 

e lec t ron  microscope recent ly  brought t o  the  Auburn University campus, 

Both r ep l i ca t ion  s tudies  t o  determine the  topography of  evaporated films 

This w i l l  use the  new Ph i l l i p s  EM300 

and i n  s i t u  electrical measurements of capaci tors  are planned. If r f -  

sput te r ing  y ie lds  good fi lms of  f e r r o e l e c t r i c  materials, these w i l l  be 

studied i n  s i t u .  

ii, Study of  the  prebreakdown conduction e f f e c t s  t h a t  lead t o  erratic 

behavior i n  the current.  

iii. X-ray d i f f r a c t i o n  ana lys i s  of c rys t a l l i ne  fi lms using modern Fourier 

techniques t o  d is t inguish  c r y s t a l l i t e  size and ce l l  d i s t o r t i o n  e f f ec t s .  
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